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Gopher tortoise (Gopherus polyphemus; hereinafter, tortoise) is listed as threatened under
the Endangered Species Act in the western portion of its range. Across the species’ range,
approximately 70 % of potential habitat is privately owned, and these properties are often
managed primarily for timber production. However, tortoise ecology on private, working forest
landscapes remains poorly understood. To provide a better understanding of tortoise response to
active forest management, I evaluated population demographics, movement ecology, and habitat
selection of two tortoise populations: former Ben’s Creek Wildlife Management Area (BC) in
Washington Parish, Louisiana and Perry County Gopher Tortoise Management Unit (PCGTMU)
in Perry County, Mississippi. At BC, tortoises were generally clustered along utility rights-ofway and roadways. At PCGTMU, tortoises were clustered within forest stands with high quality
soils. Low recruitment has been documented at BC for the last 25 years. However, PCGTMU
appears to have a stable population with active recruitment.
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INTRODUCTION
Tortoise Ecology
The gopher tortoise (Gopherus polyphemus; hereinafter, tortoise) is a medium-sized
terrestrial turtle species found in the southeastern coastal plain with a geographic range spanning
from southwestern South Carolina, south into southern Florida, and west to southeastern
Louisiana (Mushinsky et al. 2006, Rostal et al. 2014). This species is the only extant tortoise
species (Testudinidae) naturally found east of the Mississippi River (Mushinsky et al. 2006,
Rostal et al. 2014).
Tortoises are often associated with upland sandhill and pine (Pinus spp.) savannas
because they require areas where ample sunlight reaches the ground promoting high grass and
forb components for forage and conditions needed for ectothermic regulation and physiological
maintenance (Mushinsky et al. 2006, Rostal et al. 2014). However, throughout the species’
range, tortoises use other ecological communities such as sand pine scrub, xeric hammocks, pine
flatwoods, dry prairies, coastal dunes, and ruderal areas (Mushinsky et al. 2006, Rostal et al.
2014).
The word “gopher” within the species’ common name refer to their burrowing behavior.
Tortoise construct extensive burrows which average 2 m in depth and 4.5 m in length with
deeper and longer burrows in sandy verses clayey soils (Mushinsky et al. 2006). These burrows
can be identified by the unique half-moon shape of the burrow entrance. To construct these
1

extensive burrows, tortoises require deep, well-drained sandy soils (Jones and Dorr 2004, Kowal
et al. 2014, Rostal et al. 2014). They use burrows as refuges from predators and temperature
extremes during summer and winter (Mushinsky et al. 2006, Rostal et al. 2014). Due to the
ecological importance of their burrows, tortoises are classified as both keystone species and
ecosystem engineers (Kinlaw and Grasmueck 2012, Catano and Stout 2015). These burrows
provide refuge for over 300 invertebrate and 60 vertebrate species including state and federally
listed species such as the eastern indigo snake (Drymarchon couperi) and gopher frogs
(Lithobates [Rana] sevosus and L. capito) (Cox et al. 1987, Mushinsky et al. 2006). Through
burrow construction, tortoise also aid nutrient cycling, aerate and mix soil, disperse seeds, and
provide heterogeneity by the microclimates created within burrows and micro-succession that
occurs on aprons (the area directly in front of a burrow entrance where extracted soil is
deposited; Birkhead et al. 2005, Kinlaw and Grasmueck 2012).
Tortoise populations are estimated to have declined 80 % over the last 100 years due to
factors such as habitat conversion to agriculture, urbanization, disease, and human predation
(Auffenberg and Franz 1982, Catano and Stout 2015, Rostal et al. 2014). The United States Fish
and Wildlife Service (USFWS) listed the tortoise as threatened in 1987 under the Endangered
Species Act (ESA) in the portion of its range west of the Tombigbee and Mobile River systems
in southwestern Alabama and the entire portions of the range within Mississippi and Louisiana
(USFWS 1990, Rostal et al. 2014). Moreover, tortoise are currently a candidate species
considered for listing throughout the remainder of their range and are state listed as threatened in
Georgia, Florida, and Louisiana, endangered in South Carolina and Mississippi, and a protected
non-game species of conservation concern in Alabama (USFWS 1990, 2012).
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Tortoise and Silviculture
Although tortoise populations are often protected and managed for on federally and stateowned lands such as military instillations, national forests, and state wildlife management areas,
most occur on private lands where management regimes often differ than public ownership
(McCoy et al. 2006, Meyer et al. 2007, Yager et al. 2007, Richter et al. 2011, Wigley et al.
2012). The USFWS Gopher Tortoise Recovery Plan identified 18,594 ha of private lands where
tortoises occur in the listed portion of the species’ range (USFWS 1990).
Many of these private lands are owned or managed by forest product companies. Certain
management practices can negatively affect tortoise populations such as high basal area planting
regimes and high basal area stands that cause closed canopy conditions (Lohoefener and
Lohmeier 1981, Jones and Dorr 2004). Conversely, management practices such as midstory
control through prescribed fire, herbicide use, mechanical removal of woody trees and shrubs,
and periodic thinning can improve conditions for tortoises by maintaining an open canopy and an
herbaceous understory (Diemer Berish 1992, Diemer Berish et al. 2012, Jones and Dorr 2004).
Although these management practices may benefit tortoises, more information is needed to
determine how tortoises respond to these management regimes on private, working pine forests
because the effects of this type of forest management is less studied for the species.
Study Sites
To evaluate tortoise response to active forest management, I conducted surveys at Ben’s
Creek (BC) in Washington Parish, Louisiana (5,279 ha) and Perry County Gopher Tortoise
Management Unit (PCGTMU) in Perry County, Mississippi (97 ha) on properties owned and
managed by Weyerhaeuser Company (Figure 1.1). Both properties were dominated by loblolly
pine (P. taeda), longleaf pine (P. palustris), and slash pine (P. elliottii) planted in even-aged
3

stands with stands of different age classes interspersed across the landscape. Other cover types
on these sites included hardwood stands that were primarily along streams, rights-of-way, roads,
and other open areas (see below).
At BC, the midstory and understory vegetative composition differed based on canopy
closure and time since last management (e.g., timber harvest, herbicide application). Open
canopy stands generally contained a more herbaceous understory intermixed with small patches
of woody vines and shrubs. However, some open canopy stands contained understories with
sparse herbaceous cover and were dominated by woody vines and/or shrubs. Closed canopy
stands generally contained sparse understories. Common midstory trees included pines, oaks
(Quercus spp.), holly (Ilex spp.), sweetgum (Liquidambar styraciflua), black cherry (Prunus
serotina), hickory (Carya spp.), and southern magnolia (Magnolia grandiflora). Pine stands at
BC were occasionally bordered by predominantly hardwood streamside management zones
(SMZs) with tree species such as oaks, yellow popular (Liriodendron tulipifera), pines, southern
magnolia, hickory, American beech (Fagus grandifolia), and elms (Ulmus spp.). Ben’s Creek
also had two utility rights-of-way (ROW). The ROW along the southern border of the property
was mowed annually to maintain herbaceous ground cover. The other ROW was oriented
diagonally through the property and was annually treated with herbicides to prevent woody
growth. However, this ROW contained herbaceous ground cover intermixed with large patches
of living and dead shrubs and woody vines.
At PCGTMU, forest stands generally contained open canopies, but vegetative
composition differed based on previous forest management and soil conditions. Two stands had
undergone tree harvest in 2016, one was clearcut the other was commercially thinned. The
understories in these stands contained mostly bare ground with logging debris left in the
4

understory. However, patches of shrubs and woody vines remained within the thinned stand. One
seven-year-old longleaf pine stand within the site contained a mostly herbaceous understory with
patches of shrubs and woody vines. The southernmost forest stand contained an open canopy
with multiple pine species and differing understory plant composition throughout the stand. In
this stand along sandhill ridges, understories were generally open with bare ground and sparse
herbaceous cover. However, understories within other areas of this stand contained a
combination of herbaceous growth, shrubs, woody vines, and bare ground. Like BC, common
midstory tree species included pine, oaks, holly, black cherry, sweetgum, hickory, and flowering
dogwood (Cornus florida).
I categorized soil data from the soil geographic database (SSURGO) based on USFWS
ranks of tortoise soil suitability by state across each site (USFWS 2005, Soil Survey Staff 2017).
At BC, the Latonia soil series was ranked as highly suitable; Ruston, Smithdale, and Cahaba soil
series were ranked as less suitable; Angie and Prentiss soil series were ranked as marginally
suitable; and Savanah, Myatt, Ouachita, Bibb, Jena, and Stough soil series were ranked as
unsuitable (Figure 2.1; USFWS 2005). At PCGTMU, Wadley soil series was ranked highly
suitable, Smithdale and McLaurin soil series was ranked as less suitable, and Bibb soil series was
ranked as unsuitable (Figure 2.2; USFWS 2005).
Objectives and Predictions
To evaluate tortoise response to active forest management, I had three primary objectives.
My first objective was to combine field work (tortoise surveys) with ex situ "benchmarking" or
"model training" on working forest sites with gopher tortoise populations to compare differences
in population demographics by site and forest management strategies.
5

My second objective was to examine tortoise movement ecology and behavioral
responses to active forest management. For this objective, I had three predictions. I predicted that
observed home ranges will differ from previous studies conducted elsewhere in the tortoise range
because these individuals are at the periphery of their range within spatially isolated populations.
Males are the dispersing sex in tortoises. Therefore, I predicted males would have larger home
ranges, use more burrows, move greater distances, and move more often than females. Habitat
conditions at BC could be considered of lower quality than PCGTMU due to more canopy
closure and lower quality soils. Therefore, I predicted tortoises at BC would have larger home
ranges, use more burrows, move greater distances, and move more often than tortoises at
PCGTMU.
My third objective was to identify potential locations appropriate for specific
management of tortoise populations based on correlations to vegetation and remote sensed
variables including soil and terrain characteristics. For this objective, I predicted that burrow
presence and therefore tortoise density would be positively correlated with forest stands
containing lower basal area, lower midstory vegetation density, and higher percent sand content
within the soil.

6

Figures

Figure 1.1

Study Sites

Map of study sites: Ben’s Creek (near Bogalusa) in Washington Parish, Louisiana and Perry
County Gopher Tortoise Management Unit (east of Hattiesburg) in Perry County, Mississippi.
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DEMOGRAPHICS OF TWO GOPHER TORTOISE (GOPHERUS POLYPHEMUS)
POPULATIONS WITHIN PRIVATE, WORKING FOREST LANDSCAPES IN
LOUISIANA AND MISSISSIPPI
Abstract
The gopher tortoise (Gopherus polyphemus; hereinafter, tortoise), a keystone species in
southern pine (Pinus spp.) ecosystems, is listed as threatened under the Endangered Species Act
in the western portion of its range. Across the species’ range, approximately 70 % of potential
tortoise habitat is on private lands, and these properties are often managed primarily for timber
production. However, tortoise ecology on these private, working forest landscapes remain poorly
understood. To provide a better understanding of tortoise populations within the threatened
portion of the species’ range, I conducted a mark-recapture study on two private, working forest
landscapes, each with different management regimes and soil series: one was the former Ben’s
Creek Wildlife Management Area (BC) in Washington Parish, Louisiana; the other was the Perry
County Gopher Tortoise Management Unit (PCGTMU) in Perry County, Mississippi. At BC, I
captured 34 individuals (21 males and 13 females) and estimated the population size to be 44  8
individuals (95% credible intervals (CI) = 35 – 66). At PCGTMU, I captured 54 individuals (24
males, 15 females, 6 subadults, and 9 juveniles) and estimated the population size to be 91  23
individuals (95% CI = 61 – 149). Incorporating capture data from a 2014 mark-recapture survey
at PCGTMU, apparent survival of adult tortoises was estimated to be 0.85  0.10 (95% CI = 0.62
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– 0.99). While I observed tortoise nests at both sites, low recruitment has been observed at BC in
the last 25 years. Data from the last 10 years from PCGTMU has indicated a stable population
with multiple age classes. More information is needed on nest success, hatchling and juvenile
survival, and tortoise response to forest management to evaluate long-term viability of tortoise
populations on private, working forest landscapes.
Introduction
The gopher tortoise (Gopherus polyphemus; hereinafter, tortoise) is a keystone species
and ecosystem engineer in southern pine (Pinus spp.) ecosystems (Kinlaw and Grasmueck 2012,
Catano and Stout 2015). However, tortoise populations are estimated to have declined 80 % over
the last 100 years due to factors such as habitat conversion to agriculture, urbanization, fire
suppression, disease, and human predation and take (Auffenberg and Franz 1982, Catano et al.
2014, Rostal et al. 2014). The United States Fish and Wildlife Service (USFWS) listed tortoise as
threatened in 1987 under the Endangered Species Act (ESA) in the portion of its range west of
the Tombigbee and Mobile River systems in southwestern Alabama and throughout the species’
range in Mississippi and Louisiana (USFWS 1990, Rostal et al. 2014). Moreover, tortoises are
currently a candidate species for federal listing throughout the remainder of their range and are
state-listed as threatened in Georgia, Florida, and Louisiana, endangered in South Carolina and
Mississippi, and a protected non-game species of conservation concern in Alabama (USFWS
1990, 2012).
Although tortoise populations are often protected and managed for on federally and stateowned lands such as military instillations, national forests, and state wildlife management areas,
most occur on private lands where management regimes often differ from public ownerships
(McCoy et al. 2006, Meyer et al. 2007, Yager et al. 2007, Richter et al. 2011, Wigley et al.
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2012). The USFWS Gopher Tortoise Recovery Plan identified 18,594 ha of private lands where
tortoises occur in the listed portion of the species’ range (USFWS 1990). Many of these private
lands are owned or managed by forest product companies. Certain management practices can
negatively affect tortoise populations, such as planting regimes that use high basal area seeding
and high basal area stands that cause closed canopy conditions (Lohoefener and Lohmeier 1981,
Jones and Dorr 2004). Conversely, management practices such as midstory control through
prescribed fire, herbicide use, mechanical removal of woody trees and shrubs, and periodic
thinning can improve conditions for tortoises by maintaining an open canopy and an herbaceous
understory (Diemer Berish 1992, Diemer Berish et al. 2012, Jones and Dorr 2004). Although
these management practices may benefit tortoises, more information is needed to determine how
tortoises respond to these management regimes on private, working pine forests because the
effects of this type of forest management is less studied for the species.
In the federally-listed portion of their range, tortoises face further challenges to
population viability due to existing as relatively small, spatially disconnected populations that
limit gene flow (Ennen et al. 2010, Richter et al. 2011). This lack of gene flow has likely caused
lower genetic diversity throughout the federally-listed portion of the species’ range and may
reduce tortoise reproductive potential by lowering hatchling success even in protected areas that
are intensively managed to maintain high quality habitat conditions (Ennen et al. 2010, Noel et
al. 2012, Gaillard et al. 2017).
To provide more information on effects of active forest management on tortoise
populations within the federally-listed portion of the species’ range, I conducted mark-recapture
population surveys at two field sites: the former Ben’s Creek Wildlife Management Area (BC)
and Perry County Gopher Tortoise Management Unit (PCGTMU). I selected these sites in part
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due to the previous history of tortoise studies at both sites. The first tortoise mark-recapture study
conducted at BC was a population demographic and reproductive survey during 1991 to 1993
(Hurley 1993). Another mark-recapture study characterizing the health status of Louisiana
tortoises was conducted during 2002 to 2003 (Diaz-Figueroa 2005). Two range-wide tortoise
genetic surveys also captured and marked tortoise at BC: during 2006 to 2008 (Closito 2010) and
in 2011 (Gaillard 2014; Table 2.1). Additional burrow surveys to evaluate size and distribution
of the tortoise population at BC were conducted in 2008 (Closito 2008) and 2014 (Landry 2015).
In the 1990’s, BC was the largest tortoise population in Louisiana with an estimated population
size of 91 adult and juvenile tortoises. However, this population may have declined over the last
25 years (Seigel and Hurley 1993, Landry 2015).
An initial population assessment of the tortoise population at PCGTMU was conducted in
2008 (Smith and Rauch 2008). During this study, three adult tortoises were translocated to the
site from a nearby landfill. A baseline mark-recapture study conducted in 2014 estimated the
population to contain at least 48 adult and juvenile tortoises (Sloan 2015; Table 2.1).
Given the differing estimates of tortoise population size among studies, and changes in
metrics as reported in past efforts, my objectives were to evaluate the current population size,
demographics, distribution, and health of these two tortoise populations on private, working
forests within the federally-listed portion of the species’ range. I also evaluated apparent
survivorship of adults at the PCGTMU field site and compared these estimates to those from
other portions of tortoise range. Due to limited recapture data from BC, I only assessed apparent
survival at PCGTMU.
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Methods
Study Sites
I collected data at BC in Washington Parish, Louisiana (5,279 ha), and PCGTMU in
Perry County, Mississippi (97 ha) on properties owned and managed by Weyerhaeuser Company
(Figure 1.1). Both properties were dominated by loblolly pine (Pinus taeda), longleaf pine (P.
palustris), and slash pine (P. elliottii) planted in even-aged stands with stands of different age
classes interspersed across the landscape. Other cover types on these sites included hardwood
stands that were primarily along streams, rights-of-way, roads, and other open areas (see Chapter
1).
I categorized soil data from the soil geographic database (SSURGO) based on USFWS
ranks of tortoise soil suitability by state across each site (USFWS 2005, Soil Survey Staff 2017).
At BC, the Latonia soil series was ranked as highly suitable; Ruston, Smithdale, and Cahaba soil
series were ranked as less suitable; Angie and Prentiss soil series were ranked as marginally
suitable; and Savanah, Myatt, Ouachita, Bibb, Jena, and Stough soil series were ranked as
unsuitable (Figure 2.1; USFWS 2005). At PCGTMU, Wadley soil series was ranked highly
suitable, Smithdale and McLaurin soil series was ranked as less suitable, and Bibb soil series was
ranked as unsuitable (Figure 2.2; USFWS 2005).
Tortoise Burrow Surveys
At both sites during June to August 2017, I conducted a preliminary survey for tortoise
burrows in areas previously reported as occupied (Landry 2015, Sloan 2015). Beginning in May
2018, I conducted modified line transect distance sampling (LTDS) burrow surveys using two
observers to provide estimates of tortoise burrow densities (burrows/ha). For the LTDS surveys,
I surveyed stands if they contained evidence of recent or potential tortoise activity during the
14

preliminary surveys or if tortoise-specific habitat management was planned for a stand. I did not
survey drainages and flood zones contained within streamside management zones. Therefore, I
surveyed forest stands that were assumed to contain suitable tortoise habitat. Most of the
PCGTMU field site was surveyed (Figure 4.2, Figure 4.4). However, only approximately 442 ha
at the BC field site was surveyed (Figure 4.1, Figure 4.3).
When I located a burrow, I classified it as immature-sized (< 15 cm) or adult (> 15 cm)
based on relative burrow width (Sloan 2015). For burrows detected during LTDS surveys, I
measured burrow entrance width (cm) at approximately 50 cm depth of each burrow opening for
adult burrows and as far as possible (up to 50 cm) for small immature-sized burrows. This
measurement can provide estimate of population structure as burrow width is highly correlated
with tortoise straight-line carapace length (Wilson et al. 1991, Mushinsky et al. 2006, Smith et al.
2009b). Measurements of burrow width can be biased toward larger/older individuals as they
reflect size of the largest individual who used the burrow and smaller adult tortoise will use
burrows of larger individuals. However, generally, large burrows are occupied primarily by adult
tortoise except in the case of some hatchling tortoise that may dig small starter burrows within an
adult burrow (Wilson et al. 1991, Mushinsky et al. 2006). I marked burrows with flagging tape,
recorded location and a unique burrow number in a handheld Garmin GPS unit (Garmin Ltd.,
Olathe, Kansas), and classified them by activity status. Regardless of burrow size or potential
size of the tortoise within, I used four classifications for burrow activity status (Figure 2.3;
Carthy et al. 2005, Diemer Berish et al. 2012, Sloan 2015):
1. Active – burrow with fresh soil on the apron from recent digging and/or evidence of
tracks and slides from a tortoise entering the burrow.
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2. Possibly Active – burrow appeared to be active but cause and level of activity was
difficult to determine at time of detection due to factors such as potential use of burrow
by another animal or recent rain.
3. Inactive – burrow that still contained an oval appearance (is not collapsed) but did not
contain fresh soil or any other signs of a tortoise recently entering the burrow.
4. Old/Abandoned – burrow that was collapsed, filled with soil or vegetation, misshapen by
other animals (e.g., nine-banded armadillo, Dasypus novemcinctus), and/or otherwise
showed no evidence of potential tortoise use. Note that while an abandoned burrow was
not currently categorized as usable by a tortoise, this status was not an indication that a
tortoise would be unable to reopen and reoccupy the burrow.
I determined occupancy of active, possibly active, and inactive burrows by scoping
burrows with a burrow camera system (Environmental Management Services, Canton, GA). This
camera system consisted of a video display attached to flexible conduit with a lighted camera
mounted on the end that I inserted into a burrow entrance to assess occupancy. If I was unable to
reach the end of a burrow with the camera or if a burrow was not scoped, burrow occupancy was
listed as unknown. I also noted signs of tortoise nesting at burrows. However, I did not actively
search for nest. I did not determine occupancy of juvenile burrows because they were too small
to be scoped by the camera system.
Tortoise Trapping and Processing
When I confirmed that a burrow was occupied by the camera system or I observed signs
of recent activity, I set a wire live trap (Tomahawk Live Trap, Hazelhurst, WI) or flap trap (Enge
et al. 2012) at the burrow to attempt capture. I checked traps at least three times daily (morning,
midday, and evening) to reduce trap stress on captured tortoises. I trapped each potentially
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occupied burrow until the tortoise was captured or until the trapping session ended. For this
study, I defined trapping session as the length of time traps were set on a given site with multiple
trapping sessions occurring at each site within each year. I also opportunistically captured
tortoises by hand when I found them moving outside of burrows.
I processed captured tortoise by sexing, classifying age (juvenile, subadult, adult), and
conducting health screenings for signs of disease and external parasites. Additionally, I measured
individuals’ straight-line carapace length (mm; from nuchal scute to posterior terminal marginal
scute), straight-line plastron length (mm; gular scute to anal scute) and maximum width (mm; the
widest point along transverse plane of the marginal scutes) using a tree caliper for adults or
digital caliper for smaller individuals, and weight (kg) using a digital scale (USFWS 2017).
Based on measurements of straight-line carapace length, I separated tortoises into three age
classes: juveniles (< 100 mm), subadults (100 – 240 mm unless the individual presented
secondary sexual characteristics), and adults (> 240 mm; McRae et al. 1981). I determined
tortoise sex by degree of plastron concavity, comparing straight-line carapace length to straightline plastron length, and shape and length of the gular scute. Male tortoises have enlarged gular
scutes used for male-male combat and a higher degree of plastron concavity to allow for
copulation (McRae et al. 1981b, Rostal et al. 2014). I estimated tortoise age by counting number
of annuli rings on plastron scutes. However, this was not possible on many older individuals as
scutes are generally worn down over time, so annuli rings may not be present on adult tortoise (>
20 years; Aresco and Guyer 1999).
I conducted health screenings that included examining tortoises for symptoms of upper
respiratory tract disease (URTD), shell disease, shell damage, and external parasites. Tortoises
can be afflicted with URTD, which is caused by bacterial and viral infections including
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Mycoplasma agassizi, M. testudineum, ranavirus, and herpesvirus (Brown et al. 1999, DiazFigueroa 2005, Dziadzio et al. 2018, Goessling et al. 2019). Symptoms of URTD include mucus
discharge of the mouth, nares, and/or eyes, conjunctivitis, nasal scarring, lethargy, and labored
breathing (McGuire et al. 2014).
Shell disease in tortoise can be separated into two distinct forms: shell degradation and
yellow spot (Figure 2.4). Shell degradation, also referred to as shell rot, is the breakdown of
scutes caused by keratin-eating fungus and bacteria that can result in weakening of bone
underneath scutes (Rose et al. 2001, Johnson et al. 2008). Shell degradation can be identified by
white lesions that form along seams of scutes and spread irregularly along the carapace and
plastron (Figure 2.4; Rostal et al. 2014). Yellow spot is a shell disease that is characterized by
softening of plastron bones causing the formation of fontanelles underneath scutes (T. Mann;
Mississippi Museum of Natural Science; personal communication). In living tortoises, yellow
spot can be identified by light yellow areas where fontanelles form along the midline suture of
the plastron; however, they may also form underneath the carapace or bridge of tortoise shells as
observed on the remains of dead individuals (Figure 2.4; T. Mann; Mississippi Museum of
Natural Science; personal communication). I also examined each tortoise’s shell for signs of
damage that varied from cracks and small holes caused by shell disease to healed crush wounds
and missing scutes likely caused by collisions with vehicles (Figure 2.4).
I permanently marked newly captured adults and subadults (when possible by size)
following the Cagle (1939) method using a triangular file to notch or a drill to make a small hole
in marginal scutes (USFWS 2017). I temporarily marked juvenile and subadult tortoise that were
too small to permanently mark by painting marginal scutes with fingernail polish to differentiate
individuals between years. I also attached very high frequency radiotransmitters to 19 individuals
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(10 at BC, 9 at PCGTMU) for movement studies (see Chapter 3). After processing, I
immediately released tortoises into the burrow where they were captured or near their capture
location.
Statistical Analyses
Calculating Site-Specific Correction Factors
Tortoise population sizes based on burrow surveys can be estimated using correction
factors. Affenberg and Franz (1982) developed a correction factor of 0.614 to estimate tortoise
population size based on occupancy status of active and inactive burrows on a site. The
Affenberg and Franz (1982) correction factor has been suggested as a standard correction factor
across the tortoise range, but it has been shown to be biased and often overestimates population
size (Breininger et al. 1991, McCoy and Mushinsky 1992, Carthy et al. 2005, Smith et al.
2009a). Burrow occupancy can be influenced by numerous variables including cover type,
tortoise density, and overall variability among sites. Therefore, estimates of tortoise populations
based on burrow surveys alone should either use site-specific correction factors or use another
method to estimate population size (McCoy and Mushinsky 1992, Carthy et al. 2005, Nomani et
al. 2008, Smith et al. 2009a, Styrsky et al. 2010).
For this study, I used site-specific correction factors. I calculated correction factors based
on the number of usable (active, possibly active, and inactive) burrows with a confirmed
occupancy status (occupied and unoccupied) by dividing the number of occupied burrow by the
total number of burrows confirmed to be occupied or unoccupied (site-specific correction factor
= occupied burrows / (occupied + unoccupied burrows)). I multiplied these site-specific
correction factors by the total number of usable burrows detected on each site to estimate
population size.
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Estimating Tortoise Population Size and Apparent Survival
To estimate tortoise population size, I used Jolly-Seber (JS) models calculated within
restricted dynamic occupancy configuration (Kéry and Schaub 2012). For each site, I
summarized tortoise capture data into two capture occasions (2017 and 2018) and grouped
individuals based on sex and age class (adult male, adult female, or immature tortoise) to provide
an estimate of the current population size. For the JS models, I used a zero-inflation data
augmentation approach proposed by Royle et al. (2007) and added pseudo-individuals with all
zero capture histories to the end of each dataset. The added pseudo-individuals fixed the possible
population size and allowed for estimating number of individuals that have entered the study
(Kéry and Schaub 2012). Following the methods of Royle et al. (2007), I added an increasing
number of pseudo-individuals to the dataset until the estimated population size (N) was not
concentrated near the number of lines in each data set (M) so that M > N. I added 100 pseudoindividuals to each group (100 males, 100 females, and 100 immatures) captured at each site as
this value provided enough separation from N while not greatly increasing computational cost of
models (Royle et al. 2007, Kéry and Schaub 2012). Therefore, I added 200 and 300 pseudoindividuals to BC (males and females captured) and PCGTMU (males, females, and immatures
captured), respectively. For each site, I developed three JS models that considered constant
effects, fixed time effects, and fixed group effects for recapture probability (p). Due to the long
lifespan of tortoise and inclusion of only two capture periods that were one-year apart, I left all
other parameters constant in each model.
I estimated apparent survival of adult tortoise using Cormack-Jolly-Seber (CJS) models
at PCGTMU due to availability of capture data from a baseline mark-recapture study conducted
at this site in 2014 (Sloan 2015). Although tortoises at BC were captured and marked previously,
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Hurley (1993) marked tortoises using a non-standard marking system, and the marks on many
previously captured individuals were worn and barely or no longer visible. Further, other studies
conducted at BC (Diaz-Figueroa 2005, Closito 2010, Gaillard 2014) have resulted in multiple
individuals with the same identifying marks, making these data unusable for CJS analysis.
Recapture information for juvenile tortoise at PCGTMU was also unavailable as they were too
small to permanently mark during the previous study (Sloan 2015). Therefore, I only estimated
adult survival. As this is an open population, births, deaths, emigration, and immigration are
expected; therefore, estimates provided by the CJS models are of apparent survival. Apparent
survival incorporates probability that an animal both survives and is still located within a site, so
estimates of apparent survival are lower than actual survival when emigration from a site occurs
(Tuberville et al. 2008, Kéry and Schaub 2012).
For the CJS models, I summarized capture data into three periods: 2014, 2017, and 2018.
I built sixteen CJS models with combinations of constant, fixed group effects, fixed time effects,
and fixed group and time effects for the parameters of apparent survival (ϕ) and recapture
probability (p) (Kéry and Schaub 2012).
I estimated posterior distributions for JS and CJS models in the program WinBUGS
version 1.4.3 (Lunn et al. 2000) using the R2WinBUGS package version 2.1-21 (Sturtz et al.
2005) in R (R Core Team 2018). I estimated posterior distributions from 30,000 of 50,000
iterations of three Markov Chain Monte Carlo (MCMC). I determined successful model
convergence by visually inspecting trace plots and calculated r-hat values (r-hat ≤ 1.01 indicates
potential model convergence; Kéry and Schaub 2012, Vehtari et al. 2020). I selected models
using deviance information criteria (DIC) and considered models to be based on DIC and
parsimony. I reported information from the selected models including posterior means, posterior
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standard deviations (SD), 95 % credible intervals (95 % CI), and r-hat values for each calculated
parameter.
Comparisons to Past Captures
For each site, I compared measures of straight-line carapace length (mm) of captured
tortoise to those available from previous studies at these sites. Straight-line carapace length can
be used to approximate age structure as tortoises continually grow throughout their lives.
However, once a tortoise reaches adulthood, growth slows significantly (Aresco and Guyer 1999,
Diemer Berish et al. 2012, Tuberville et al. 2014). To compare tortoise straight-line carapace
lengths, I calculated mean and standard deviation of measurements of straight-line carapace
length from captured tortoises and created histograms by plotting carapace length by number of
captures for this and past studies at each site where complete capture data were available. I
created histograms using the ggplot2 package version 3.1.1 in R version 3.5.2 (Wickham 2016, R
Core Team 2018). For BC, I compared my data to data from Hurley (1993). For PCGTMU, I
compared my data to Sloan (2015).
Results
Tortoise Burrow Surveys and Site-Specific Correction Factors
During surveys across both sites, I detected 369 burrows (Table 4.2). At BC, I detected
161 burrows, and classified 80 (50 %) as active, 7 (4 %) as possibly active, 39 (24 %) as
inactive, and 35 (22 %) as old/abandoned. Of the 126 usable (active, possibly active, and
inactive) burrows, I confirmed 62 (49 %) to be occupied at least once, 42 (33 %) were
unoccupied, and was unable to confirm occupancy in 22 (17 %). When considering the 104
usable burrows with confirmed occupancy, I estimated a site-specific correction factor of 0.60
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tortoise per burrow, yielding an estimated a tortoise population size of 75 individuals for the area
surveyed.
At PCGTMU, I detected 208 burrows and classified 138 (66 %) as active, 5 (2 %) as
possibly active, 45 (22 %) as inactive, and 20 (10 %) as old/abandoned. Of the 188 usable
burrows detected, I confirmed 87 (46 %) to be occupied at least once, 26 (14 %) were
unoccupied, and was unable to confirm occupancy in 75 (40 %). When considering the 113
usable burrows with confirmed occupancy, I estimated a site-specific correction factor of 0.77
tortoise per burrow, yielding an estimated tortoise population size of 144 individuals.
At BC, I classified all but one of the 161 burrows as adult sized. I measured widths of 78
burrows, and mean width was 32.7  6.1 cm (mean  standard deviation; max = 11.7 cm, min =
48.0 cm; Figure 2.5). The mean width of adult burrows was 33.0  5.7 cm (min = 15.8 cm, max
= 48.0 cm). The only immature burrow detected had a width of 11.7 cm. At PCGTMU, I
classified 44 of the 208 burrows detected as immature-sized. I measured widths of 104 burrows,
and mean width was 27.1  10.8 cm (min = 7.0, max = 63.0 cm; Figure 2.5). The mean width of
adult burrows was 31.7  6.7 cm (min = 17.0 cm, max = 63.0 cm). The mean width of immature
burrows was 9.9  1.7 cm (min = 7.0 cm, max = 14.5 cm).
Tortoise Nesting
I detected tortoise nesting attempts indirectly mostly when I observed eggshell remains
around burrow apron as I did not conduct nest searches. At BC, I observed seven nests, but they
appeared to have been depredated. At PCGTMU, I observed nine nests, but they also appeared to
have been depredated. I observed one female tortoise at PCGTMU nesting in an old ant mound
approximately 10 m away from the closest burrow. The nest was relatively shallow
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(approximately 10 cm from top of first egg to the surface of the soil). I observed four eggs, but I
did not fully excavate the nest to determine clutch size. I monitored this nest with a trail camera
until it was depredated by an unidentified meso-mammal approximately one month after eggs
were laid.
Tortoise Captures
I captured 88 individuals (34 BC and 54 PCGTMU) with 131 total captures (58 BC and
73 PCGTMU; Table 2.2). The 34 individual tortoises I captured at BC consisted of 21 males and
13 females for a ratio of 62 % males and 38 % females (Table 2.2). The 54 individual tortoises I
captured at PCGTMU consisted of 24 males, 15 females, 6 subadults, and 9 juveniles for a ratio
of 44 % males, 28 % females, 11 % subadults, and 17 % juveniles (Table 2.2).
During each year at both sites, I conducted a primary trapping session of at least 8
consecutive days (mean = 10  3, max = 14), and shorter trapping periods of 3 to 4 consecutive
days to target certain individuals (i.e., to remove radiotransmitters and those not captured during
the primary trapping session). I captured 76 (58 %) tortoises with wire live traps, 23 (18 %) with
flap traps, and 32 (24 %) by hand. I often hand captured tortoises outside of trapping sessions. Of
the 32 tortoises I hand captured during this study, 19 (59 %) were males, 10 (31 %) were
females, and 3 (9 %) were immatures. For traps placed on burrows confirmed to be occupied, I
set wire live traps for 6304 hours for a catch per unit effort of 1.2 % and flap traps for 1496 hours
for a catch per unit effort of 1.5 %. I deployed flap traps less often than wire live traps as they
were larger in size and often required modification of the burrow apron to create a flat surface
for trap placement. These issues made flap traps more difficult to deploy than wire traps and
undeployable in some situations. For instance, I could not use flap traps for burrows located
along roads as most of these burrows were within steep soil banks and ditches created during
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road construction and maintenance. However, scaled down versions of the flap traps (60 cm long
by 30 cm wide by 30 cm height) worked well to capture juvenile tortoises as their burrows
generally lack large aprons.
Tortoise Recaptures from Previous Studies
At BC, I recaptured 22 individuals (65 % of captured individuals) from previous studies
as determined by at least residual markings on marginal scutes. However, I could not confirm
capture history for most of these individuals at BC due to fading marks, multiple individuals with
the same identifying number, and unavailable data from studies completed between 1993 and
2011. I confirmed that two individuals captured in my study were previously captured in the
1991 to 1993 study as both individuals had marks on the posterior terminal marginal scute,
which was part of the marking scheme used for that study, but should not have been marked in
studies conducted since as they used the standard marking system (Hurley 1993, Diaz-Figueroa
2005, Closito 2010, Gaillard 2014). While the identities and precise age of these two individuals
could not be determined due to discrepancies in the marking system, the youngest individual
captured in the 1991 to 1993 study was estimated to be 9 years-old based on annuli rings and
only 5 individuals captured were estimated to be younger than 20 years-old (Hurley 1993).
Hurley (1993) did not age 37 of the 88 tortoises captured as they had worn shells that no longer
showed annuli rings. These two individuals were at least 33 years-old but were likely older than
40 based on Hurley’s (1993) estimates of tortoise ages. Of the 14 individuals I captured in 2017
at BC, I recaptured 10 in 2018 indicating a between year recapture rate of 71 %.
At PCGTMU, I recaptured 14 individuals (36 % of captured individuals) from previous
studies as determined by residual markings on their marginal scutes. Smith and Rauch (2008)
captured 19 tortoises and translocated 3 additional tortoises to the site in 2008. Of the 22
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individuals on the site in 2008, Sloan (2015) recaptured 9 of these individuals, including 2 of the
translocated individuals, for a recapture rate of 41 % from the original capture period. In my
study, I recaptured 7 of the 22 individuals initially captured (Smith and Rauch 2008), including
the same 2 translocated individuals, for a recapture rate of 32 %. In 2014, Sloan (2015) captured
44 individuals; however, 12 were juveniles and not permanently marked. Of the 32 adult
individuals captured by Sloan (2015) in 2014, I recaptured 13 for a recapture rate of 41 %. Of the
20 adult, subadult, and juvenile tortoises I captured in 2017 at PCGTMU, I recaptured 9 in 2018
for a between year recapture rate of 45 %.
Tortoise Population Size
For the JS model estimation of population size at BC, I selected the model with recapture
probability varying by time; because, I determined this model to be the most parsimonious based
on DIC scores (Table 2.3). This model estimated a mean population size of 44  8 individuals
(95 % CI = 35 – 66). Because I surveyed approximately 442 ha at BC, these results indicate a
population density of 0.10 (0.08 – 0.15) tortoise per ha for surveyed forest stands. Recapture
probability for 2017 was 0.56  0.21 (95 % CI = 0.23 – 0.97) and recapture probably for 2018
was 0.77  0.14 (95 % CI = 0.47 – 0.99; Table 2.4).
For the JS model estimation of population size at PCGTMU, I selected the model with
recapture probability varying by group; because, I determined this model to be the most
parsimonious based on DIC scores (Table 2.5). This model estimated a mean population size of
91  23 individuals (95 % CI = 61 – 149; Table 2.6). Because I surveyed approximately 97 ha at
PCGTMU, these results indicate a population density of 0.94 (0.62 – 1.54) tortoise per ha for the
site. Recapture probabilities were 0.69  0.17 (95 % CI = 0.36 – 0.98) for males, 0.50  0.17 (95
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% CI = 0.22 – 0.89) for females, and 0.48  0.17 (95 % CI = 0.21 – 0.87) for immature
individuals (Table 2.6).
Tortoise Apparent Survival
For the CJS models estimating adult apparent survivorship at PCGTMU, I considered
seven models to be competing, and the null model that left apparent survivorship (ϕ) and
recapture probability (p) constant over time and group was among the competing models (Table
2.7). I present results of the null model because it was the most parsimonious model. Apparent
survival of adult tortoise was estimated to be 0.85  0.10 (95% CI = 0.62 – 0.99), and recapture
probability was 0.37  0.09 (95% CI = 0.22 – 0.57; Table 2.8).
Tortoise Measurements and Health Screening
Mean straight-line carapace length for tortoise captured at both sites was 255  18 mm
(max = 226 mm, min = 295 mm; Table 2.9) for males and 276  11 (min = 254 mm, max = 297
mm; Table 2.9) for females. Mean straight-line carapace length of captured tortoise at BC during
the 1991 to 1993 study (Hurley 1993) was 254  28 mm (min = 120 mm, max = 310 mm) and
265  18 mm (min = 228 mm, max = 295 mm) during the current study (Figure 2.6). For
PCGTMU, mean straight-line carapace length of captured tortoise during the 2014 study (Sloan
2015) was 199  79 mm (min = 51 mm, max = 281 mm) and 224  73 mm (min = 67 mm, max
= 297 mm) for the current study (Figure 2.7).
Overall, most tortoise appeared healthy and no clinical signs of URTD were observed.
However, I did not take samples to confirm absence of URTD antibodies. I only observed one
external parasite species on tortoise, gopher tortoise ticks (Amblyomma tuberculatum). This tick
species has not been detected to date in Louisiana (K. Lejeune; Louisiana Department of
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Wildlife and Fisheries; personal communication). At PCGTMU, I observed 25 (46 %)
individuals with gopher tortoise ticks (Table 2.10) Parasite loads ranged from 1 adult tick per
tortoise to over 20 adult and nymph ticks per tortoise. I did not take any blood or fecal samples to
sample for internal parasites.
I observed shell damage on tortoise at both sites that varied from small cracks and holes
caused by shell disease to healed crushed regions of carapace and plastron and missing scutes. At
BC, I observed some degree of shell damage on 20 (59 %) individuals (Table 2.10). At
PCGTMU, I observed some degree of shell damage on 23 (43 %) individuals (Table 2.10). Both
sites had tortoises with shell disease including shell degradation from fungal infection and
yellow spot. At BC, I observed clinical signs of shell degradation on 31 (91 %) individuals and
clinical signs of yellow spot on 8 (24 %) individuals (Table 2.10). At PCGTMU, I observed
clinical signs of shell degradation on 32 (59 %) individuals and clinical signs of yellow spot on
18 (33 %) individuals (Table 2.10).
Discussion
For both sites, my estimates of population density based on conversion factors were
higher than those calculated from captured tortoise using JS models. While the survey methods
used for this project were not a total survey of each forest stand, these values were based on all
burrows detected across each site using various tortoise survey methodologies including
preliminary burrow surveys, LTDS burrow surveys, mark-recapture tortoise surveys, and tortoise
radiotelemetry surveys (see Chapter 3 and Chapter 4). Estimates from these burrow surveys
highlight one of the potential issues with burrow surveys (e.g., total burrow surveys) that do not
include potential detection error. Detection error is unavoidable with any burrow survey method.
Therefore, when survey method assumes detection probability to be perfect, estimates of
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population sizes based on these surveys will inheritably be biased (Smith et al. 2009a, Stober and
Smith 2010).
Captures at both sites indicated male-biased sex ratios. However, previous studies
throughout the tortoise range generally indicate female-biased to neutral sex ratios (Smith et al.
1997, Diaz-Figueroa 2005, Diemer Berish et al. 2012, Sloan 2015). The observed male biased
sex ratios could be due to their higher capture probabilities in my study as indicated by CJS
models at PCGTMU. Males are the dispersing sex in tortoise, generally have larger home ranges,
and can travel long distances for reproductive opportunities, therefore they may be more likely to
be detected outside of a burrow than females (McRae et al. 1981a, Eubanks et al. 2003,
Tuberville et al. 2005, Bauder et al. 2014, Guyer et al. 2012). For the total hand captures at both
sites, 59 % were of males, 31 % were of females, and 10% were of immature tortoises.
Male-biased populations have been observed elsewhere in the tortoise range. Diemer
Berish and Leone (2014) initially observed sex ratios of approximately 1:1 (female : male)
during surveys in the 1980’s although during repeated surveys at the site, they observed sex
ratios shift to become more male biased over time 1 : 1.4, 1 : 1.8, and 1 : 2.5 by 1995. While
Diemer Berish and Leone (2014) attributed these observations to sampling methods due to an
expanded survey site in the later years of their study, they hypothesized that male-biased sex
ratios could be due to an absence of fire at the site resulting in shaded and cooler nest, which
could cause more male hatchlings to be produced due to temperature dependent sex
determination in tortoise.
Many tortoises that I captured during this study were recaptures from previous studies.
Similarly, Wright (2016) recaptured 15 % of individuals initially captured 15 years prior, Diemer
Berish and Leone (2014) recaptured 11 % of individuals initially captured 10 years prior, and
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Diemer Berish et al. (2012) recaptured 8 % of individuals initially captured 13 to 28 years prior.
Collectively, these results indicate that tortoises are remaining relatively within the same areas
for most of their lives even though each of these landscapes have differing management regimes.
Apparent survivorship of adult tortoise at PCGTMU was lower than observed elsewhere
in the range. Tortoise are long-lived and apparent survival after reaching adulthood is generally
considered to be high with observed survivorship varying from 87  3 % to 98  4 % for males
and 91  3 to 98  3 % for females (Tuberville et al. 2014, Wright 2016). Tuberville et al. (2014)
observed the lowest apparent survival for adults at Green Grove, an old growth longleaf pine
forest in Georgia, and higher apparent survival in Conecuh National Forest in forest stands that
were historically a fire-suppressed slash pine plantation but are now managed with 3- to 4- year
prescribed fire intervals. They hypothesized that low apparent survival in a historically wellmanaged longleaf pine stand such as Greene Grove could be due to higher mortality because the
population contains a larger percentage of old individuals (Tuberville et al. 2014). The site may
also have already been at carrying capacity, which could result in higher dispersal rates of males
and immatures (Tuberville et al. 2014).
Similarly, at PCGTMU, I observed a low apparent survival rate of adult tortoise that
could be due to emigration to locations off site. While conducting a movement study on the site
(see Chapter 3), I observed three radiotransmittered tortoises move off PCGTMU into bordering
forest stands and old fields. The bordering old field was not surveyed, but while attempting to
recapture one radiotransmittered individual that moved into the area, the landowner indicated
that the old field maintains active burrows throughout breeding season. Also, I detected tortoises
with the burrow camera system that were not captured during trapping sessions, so more mark-
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recapture data is needed over a longer period of time to determine if low apparent survival rates
are due to uncaptured tortoises on site, emigration, mortality, or a combination of these events.
The Gopher Tortoise Council (GTC) has defined a minimum viable tortoise population as
containing at least 250 adults in a reserve size of 100 ha, with a population density of no less
than 0.4 tortoise per ha (GTC 2013; GTC 2014). Even if the upper limit estimate for each
population is used, neither of these sites meet the requirements currently set by the GTC for
minimum viable populations (GTC 2013, GTC 2014). However, the size and density of the
tortoise population at PCGTMU currently qualify it as a primary support population, and the
population at BC could be considered as a secondary support population if measures are taken to
increase recruitment. More information is needed to examine the long-term viability of small
tortoise populations such as PCGTMU that appear to have active recruitment.
Tortoise are a long-lived species with generally low annual recruitment across the range
(Landers et al. 1980, Butler and Sowell 1996, Smith et al. 1997, Pike and Seigel 2006). At BC, I
mostly captured large adults and low recruitment has been observed for the last 25 years (Figure
2.6). Hurley (1993) only captured one immature tortoise at BC and studies conducted since have
not captured immature tortoise (Table 2.1). Burrow surveys conducted in 2008 and 2013 also
failed to detect any juvenile burrows at BC (Closito 2008, Landry 2015). While I detected seven
failed nesting attempts and one unoccupied juvenile burrow at BC, I was unable to capture any
juveniles or subadults. However, my surveys did not include actively searching for, or
monitoring of nests, therefore, successful recruitment may have occurred without detection.
At PCGTMU, burrow surveys in 2008, 2013, and 2014 detected 27, 23, and 29 immature
tortoise burrows respectfully (Smith and Rauch 2008, Sloan 2015). Sloan (2015) detected 7 nests
(3 were depredated, 2 successfully produced hatchlings, 2 did not produce hatchlings) and
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captured 12 juveniles. At PCGTMU, I captured 6 subadults and 9 juveniles. In addition, I
detected 47 immature tortoise burrows and 9 failed nesting attempts. Although the detected
nesting attempts appeared to be depredated, these nests provide further evidence of active
recruitment attempts at the site. Taken together, data from PCGTMU indicate that tortoise may
have maintained stable recruitment over the last 10 years.
More information is needed to determine rate of juvenile and hatchling survivorship to
determine if these immature individuals are surviving to adulthood. One of the most important
parameters for the long-term viability of a tortoise population is hatchling survivorship
(Tuberville et al. 2009). Survivorship of hatchlings is generally low among the Testudines, and
mortality mostly occurs within the first two years of life, which is often caused by depredation
(Butler and Sowell 1996, Epperson and Heise 2003, Pike and Seigel 2006). Although juveniles
were not marked in previous studies, which challenges estimation of juvenile survivorship, I did
recapture two juveniles between study years at PCGTMU, both of which were estimated to be
younger than two years old when initially captured. These captures, along with captures of
individuals in multiple age classes at the site, indicate that hatchlings may survive to adulthood at
PCGTMU. However, individuals maybe moving onto the site from elsewhere in the landscape.
Why does tortoise recruitment appear to be so low at BC? One possibility is that
recruitment has been occurring, but it has not been detected. Juvenile burrows are small and
more difficult to detect in areas with thick understory vegetation (Diemer Berish et al. 2012).
While I may have failed to detect juvenile burrows due to higher understory vegetative growth in
many stands at BC, I was able detect juvenile burrows in areas with similar conditions at
PCGTMU. If substantial recruitment were occurring at BC, I expected to detect juvenile burrows
in the same open areas that contained high concentrations of adult burrows.
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Low recruitment at BC could be also due to low habitat quality. The location of active
tortoise burrows is correlated with low canopy cover and high herbaceous ground cover (Rostal
and Jones 2002). Tortoise generally nest within the apron of active burrows although they can be
laid away from burrows (Dziadizo et al. 2016). A reduction in habitat quality necessary for
active burrows that have aprons containing both bare soil and low clay content could result in a
reduction in number of available nest locations (Lamb et al. 2013). Rostal and Jones (2002)
hypothesized that factors such as fire return interval could result in lower tortoise productivity.
While BC has not had a regular prescribed fire interval in the last 10 years, habitat factors
alone do not fully explain the lack of recruitment. Low recruitment at the site has been observed
since the early 1990’s when the site was managed by Louisiana Department of Wildlife and
Freshwater Fisheries (LDWF) and select forest stands were burned on a more regular interval
(Hurley 1993, Smith et al. 1997, F. Burks and J. Day; Louisiana Department of Wildlife and
Fisheries; personal communication). The site has also maintained a similar distribution of
burrows over the last 10 years although prescribed fires occurred in 2007 and 2009 along with
active forest management, such as herbicide treatments and forest harvest operations (Closito
2008, Landry 2015, F. Burks and J. Day; Louisiana Department of Wildlife and Fisheries;
personal communication). While prescribed fires were applied at this site, they may not have
been adequate in intensity to provide an increase in habitat quality for tortoise to move from
ROW into forest stands. Dziadizio et al. (2016) recommended a prescribed fire interval greater
than one year is needed to increase hatchling success among tortoise as higher predation can
occur in recently burned stands. They recommended a prescribed fire interval of 2- to 3-years to
maintain habitat quality and increase nest success among tortoise (Dziadizio et al. 2016).
However, more information is needed on nest success and hatchling survivorship under varying
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prescribed fire return intervals and intensity to determine the necessary fire return intervals for
population management.
Another cause of low recruitment may be nest depredation. The seven nests I observed on
BC all appeared to be depredated. The list of potential tortoise nest predators include mesomammals, such as: nine-banded armadillo, northern racoon (Procyon lotor), coyote (Canis
latrans), and dog (Canis familiaris), various snakes that prey on eggs and hatchlings, and
invertebrates such as red imported fire ants (Solenopsis invicta) that are known to prey on newlyemerged hatchlings (Butler and Sowell 1996, Pike and Seigel 2006, Smith et al. 2012, Dziadzio
et al. 2016). Based on tracks and sign left on tortoise aprons after nest depredation, one predator
of nest at both field sites was the nine-banded armadillo. However, I was unable to confirm the
identity of the predator that depredated the only nest that was monitored with a trail camera.
During a reproductive study conducted at BC in the early 1990’s, Hurley (1993) observed a
depredation rate of 40 % for unprotected nest.
To protect nests from potential predators, tortoise could be head-started by collecting and
incubating tortoise eggs laid in natural nests, rearing hatchlings within a laboratory, and releasing
juvenile tortoise to place of birth (Noel et al. 2012, Quinn 2016). This method results in headstarted hatchlings reaching larger sizes faster than natural hatchlings, and larger head-started
individuals may be more likely to survive than natural hatchlings (Quinn 2016). Another less
expensive option is protecting nests with a predator guard. This method has also been shown to
increase nest success rates (Hurley 1993, Noel et al. 2012, Quinn et al. 2016). However,
protected nests must be routinely checked and measures must be taken to protect pipping and
hatchling tortoise from invertebrate predation with insecticides or transferring eggs to laboratory
before hatching (Noel et al 2012, Quinn et al. 2016).
34

While nest predation may be partially to blame for low recruitment, other factors could
be affecting the population of tortoise at BC. At BC, Hurley (1993) observed a hatch success of
65 % per clutch for protected nests, but 60 % of nonprotected nests were not attacked by
predators yet still failed to produce hatchlings. Similarly, for another population in the threatened
portion of the tortoise range, Noel et al. (2012) observed a hatch success of 59 % for eggs
incubated in a laboratory setting and 17 % for protected nests naturally incubated in burrow
aprons.
Hatchling mortality during development could have a variety of causes. Hurley (1993)
hypothesized one potential cause of nest mortality was above average rates of precipitation
combined with low drainage conductivity of soils. The combination of these factors could cause
eggs to drown during incubation (Hurley 1993). The soils at BC also contain a fragipan layer that
may make emerging from nest difficult for newly emerged hatchlings (Hurley 1993).
A fourth factor that may be resulting in low recruitment may be low genetic diversity.
The federally-listed portion of the tortoise range consists of small, spatially disconnected
populations, and genetic diversity has been observed to be lower than in the non-listed portion
(Closito 2010, Ennen et al. 2010, Gaillard 2014). Ennen et al. (2010) attributed the hatchling
failure observed by Noel et al. (2012) in part due to low genetic diversity as this tortoise
population within the De Soto National Forest in Mississippi has been intensively managed
through forest thinning and prescribed fire. Similarly, for a site in Florida, Yuan et al. (2019)
observed lower viability of hatchlings whose parents were close kin. Yuan et al. (2019)
hypothesized that low genetic diversity in the western portion of the tortoise’s range could result
in closely related individuals mating, and thus exacerbating population declines through
inbreeding depression.
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Closito (2010) and Gaillard (2014) both examined range-wide genetics of tortoise with
samples taken from tortoise at BC and provided evidence for low genetic diversity at this site.
Closito (2010) observed evidence of past population declines at BC, and Gaillard (2014)
observed evidence of potential bottleneck at BC. Genetic diversity could be addressed by
increasing gene flow, including translocating individuals from other populations. However,
outbreeding depression could occur if individuals are translocated from areas with a genetic
lineage that differ greatly from the current genetic composition at the site (Schwartz and Karl
2005, Gaillard 2014).
Before translocating individuals to any tortoise population, other factors should be
considered. For one, factors other than genetic diversity could be causing or exacerbating low
recruitment resulting in sink populations. In addition, translocated individuals may not
immediately reproduce (Tuberville et al. 2011). Tuberville et al. (2011) observed that established
translocated males were more likely to sire clutches than recently released males regardless of
size; translocated individuals will not add genetic diversity if they are unable to reproduce.
Ben’s Creek once contained the largest tortoise population in Louisiana with an estimated
population size of 91 individuals in the 1990’s (Hurley 1993). Based on the current estimated
population size, this population may be in decline with only half the population size previously
estimated. My surveys focused on areas of confirmed tortoise activity. Due to the overall size of
BC, it is likely that more individuals were present that went uncaptured. However, I surveyed for
previously marked burrows across the site and surveyed stands with confirmed tortoise presence.
Based on the similarities of distributions from previous burrow surveys to my surveys of the site,
it is unlikely that many individuals at the site would have gone undetected.
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Diseases such as URTD have been linked to mass mortality events and tortoise
population declines (Dziadzio et al. 2018). Overall, tortoise captured at both sites appeared to be
healthy with no visible signs of URTD, although no blood or mucus samples were taken to
confirm this. Both sites have a history of presence of URTD-causing bacteria. Diaz-Figueroa
(2005) detected M. agassizi antibodies for one individual captured at BC. Smith and Rauch
(2008) detected M. agassizi antibodies for one individual captured at PCGTMU. Upper
respiratory tract disease may be still present at these sites, but I was unable to detect clinical
signs. For instance, Smith et al. (1998) detected 16 individuals that were suspect or positive of
M. agassizi, but none of these individuals showed clinical symptoms. For 11 populations in
Georgia, McGuire et al. (2014) only observed clinical symptoms of URTD at 5 sites where both
M. agassizii and M. testudineum antibodies were detected. Similarly, Goessling et al. (2019)
observed that traditional diagnostic test that examine external symptoms were not associated
with presence of M. testudineum antibodies, and only nasal scarring was significantly correlated
with presence of M. agassizii antibodies. Future surveys at both study sites should sample for
URTD (Dziadzio et al. 2018).
Although no external parasites were detected at BC, gopher tortoise ticks were detected at
PCGTMU. This result could be due to differences in soil characteristics at both sites. Ennen and
Qualls (2011) examined habitat variables associated with gopher tortoise tick presence in
southern Mississippi. They detected gopher tortoise ticks at sites with a mean sand depth greater
than 100 cm and a percent topsoil sand composition greater than 94 % (Ennen and Qualls 2011).
Based on these observations, they hypothesized that gopher tortoise tick distributions are more
restricted than for the host tortoise (Ennen and Qualls 2011). Ben’s Creek had soil types that are
consistent with sandy loams, and according to SSURGO data, no soil type on the site contains
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greater than 65 % sand within the first meter of soil. However, PCGTMU contained two regions
with deep sandy soils that have a composition of 96 % sand within the first meter of soil, which
is considered favorable for presence of gopher tortoise ticks.
Tortoise at both sites exhibited signs of shell diseases. While shell disease is generally
considered to be a low risk to tortoise health, more information is needed to determine causes
and potential long-term effects of these diseases on tortoise populations (Rostal et al. 2014). For
instance, to date, yellow spot has been detected on within tortoise populations on public and
private lands in Alabama, Mississippi, and Louisiana with observations during this study
containing some of the first confirmed cases of yellow spot in Louisiana (T. Mann; Mississippi
Museum of Natural Science; personal communication). The cause of yellow spot is currently
unknown. However, one potential cause may be nutrient deficiency (T. Mann; Mississippi
Museum of Natural Science; personal communication). If nutrient deficiency is the cause of
yellow spot, managers may need to consider methods to produce higher quality forage for
tortoise. Because shell degradation in Gopherus spp. is often linked to keratin-eating fungus and
bacteria, factors such as high humidity may increase infection rates (Rose et al. 2001, Johnson et
al. 2008). Tortoise burrows at sites, such as BC, with sandy-loam type soils with low drainage
conductivity, often flood and can remain flooded for multiple days after heavy rains. Future
studies should consider if habitat factors such as low forage nutrients or soils with low drainage
conductivity lead to an increase of shell disease severity or infection rates.
On both sites, tortoise had shell damage that appeared to be caused by collisions with
vehicles, but the cause of these injuries cannot be confirmed. Although both sites are gated to
prevent trespassing, tortoises along roadsides are more susceptible to collisions with vehicles by
direct contact and burrow collapse. While tortoise can survive burrow collapse, care should be
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taken to prevent this exposure (Mendonca et al. 2007, Smith et al. 2015). For example, Smith et
al. (2015) recommended that burrows be clearly marked with a four-meter buffer prior to
forestry operations to prevent collapse by heavy equipment. Habitat management directly around
burrows can be conducted with prescribed fire and hand-held equipment to reduce the risk of
collapsing burrows (Mendonca et al. 2007, Smith et al. 2015).
The causes of tortoise population decline are complex and no single factor likely explains
it. Instead, a combination of factors including habitat quality, low recruitment, low genetic
diversity, disease, predation, and emigration have likely reduced the size of the BC tortoise
population and similar populations throughout the species’ range.
Management Implications
At both sites, information regarding previous capture histories of tortoise was missing,
and at BC, previous studies did not collaborate marking schemes, which resulted in multiple
individuals receiving the same marking. The lack of available capture data and different marking
schemes prevented using CJS models to evaluate tortoise apparent survivorship at BC although
studies have been conducted at the site for over 25 years. Tortoise are long-lived and a species of
conservation concern throughout their range, so efforts need to be made to create and maintain
databases with tortoise capture histories that can be made available to researchers to ensure
viability of long-term studies to reach reliable conclusions.
More information is needed regarding causes of tortoise population decline and low
recruitment in the federally listed portion of the species’ range. At BC, the population estimates
from my study were approximately half of estimates from the early 1990’s and minimal
recruitment has been observed. At PCGTMU, the population appears stable. However, it does
not contain enough individuals to be considered a viable population under the current definition.
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Further investigation is needed to determine if these and similar populations within the listed
portion of the range will be viable in the future. If not, measures may need to be taken to rescue
these populations either through translocation, head-starting, or monitoring and protection of nest
and hatchling tortoise.
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Tables
Table 2.1

Gopher tortoises captured by age group at both sites during previous and current studies

Capture
Unknown
Site
Study
Year
n Males Females
Adults
Subadults Juveniles
BC
Hurley 1993
1991 - 1993 88
46
41
0
0
1
Diaz-Figueroa 2005
2002 - 2003 16
0
0
16
0
0
Clostio 2010
2006 - 2008 21
3
4
14
0
0
Gaillard 2014
2011
17
6
9
2
0
0
Current Study
2017 - 2018 34
21
13
0
0
0
PCGTMU Smith and Rauch 2008
2008
22
4
6
12
0
0
Sloan 2015
2014
44
14
17
1
0
12
Current Study
2017 - 2018 54
24
15
0
6
9
Number of individual gopher tortoise (Gopherus polyphemus) captured by age group at Ben’s Creek (BC) in Washington Parish, LA
and Perry County Gopher Tortoise Management Unit (PCGTMU) in Perry County, MS during previously studies and the current
study. The unknown adult category includes data for adult tortoise that could not be identified to sex and studies where data for sex
were not available.
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Table 2.2

Gopher tortoise capture summary

BC PCGTMU Total
Captures
Captures
58
73
131
Captures 2017 14
21
35
Captures 2018 44
52
96
Individuals Individuals
34
54
88
Recaptures
22
14
36
Males
Captures
34
36
70
Captures 2017 7
11
18
Captures 2018 27
25
52
Individuals
21
24
45
Recaptures
12
9
21
Females
Captures
24
20
44
Captures 2017 7
4
11
Captures 2018 17
16
33
Individuals
13
15
28
Recaptures
10
5
15
Subadults Captures
0
6
6
Captures 2017 0
1
1
Captures 2018 0
5
5
Individuals
0
6
6
Juveniles
Captures
0
11
11
Captures 2017 0
5
5
Captures 2018 0
6
6
Individuals
0
9
9
Summary of gopher tortoise (Gopherus polyphemus) captures at Ben’s Creek (BC) in
Washington Parish, Louisiana and Perry County Gopher Tortoise Management Unit (PCGTMU)
in Perry County, Mississippi. Recaptured individuals in the table refers to tortoises captured at
each site that were marked during previous studies prior to the 2017 field season. No subadults
or juveniles were recaptured from previous studies; however, if captured previously, they were
likely not permanently marked due to size limitations of the marking system.

42

Table 2.3

Model comparison for Jolly-Seber models at Ben’s Creek

Model
DIC
ΔDIC
pD
p(t)
492.4
0
417
p(g)
497.8
5.4
428.9
p(.)
634.4
142
569.9
Model comparison for Jolly-Seber models to estimate gopher tortoise (Gopherus polyphemus)
population sizes at Ben’s Creek in Washington Parish, Louisiana. For these models, constant
effects (.), fixed time effects (t), and fixed group effects (g) were considered for recapture
probability (p) and all other parameters were constant.
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Table 2.4

Model results for Jolly-Seber model with recapture probability varying by time at
Ben’s Creek

Parameter Mean SD
Lower 95% CI Upper 95% CI R-hat
Ψ
0.20
0.04
0.13
0.30
1.00
p [2017]
0.56
0.21
0.23
0.97
1.00
p [2018]
0.77
0.14
0.47
0.99
1.00
N
44.68 8.08
35.00
66.00
1.00
Deviance
75.41 28.88
21.62
134.60
1.00
Model results for Jolly-Seber model with recapture probability varying by time at Ben’s Creek in
Washington Parish, Louisiana. Posterior means, standard deviations (SD), 95 % credible
intervals (CI), and R-hat values are reported for the inclusion probability (Ψ), recapture
probability (p) by time period, population size (N), and deviance. R-hat values ≤ 1.01 indicate
potential model convergence.
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Table 2.5

Model comparison for Jolly-Seber models at Perry County Gopher Tortoise
Management Unit

Model
DIC
ΔDIC
pD
p(g)
1501.8
0
1350.2
p(t)
1741.4
239.6
1575.5
p(.)
2321.5
819.7
2155.4
Model comparison for Jolly-Seber models to estimate gopher tortoise (Gopherus polyphemus)
population sizes at the Perry County Gopher Tortoise Management Unit in Perry County,
Mississippi. For these models, constant effects (.), fixed time effects (t), and fixed group effects
(g) were considered for recapture probability (p) and all other parameters were constant.
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Table 2.6

Model results for Jolly-Seber model with recapture probability varying by time at
Perry County Gopher Tortoise Management Unit

Parameter
Mean SD
Lower 95% CI Upper 95% CI R-hat
Ψ
0.26
0.07
0.16
0.43
1.00
p [Male]
0.69
0.17
0.36
0.98
1.00
p [Female]
0.50
0.17
0.22
0.89
1.00
p [Immature]
0.48
0.17
0.21
0.87
1.00
N
91.22 23.26
61.00
149.00
1.00
Deviance
151.61 52.03
56.72
254.30
1.00
Model results for Jolly-Seber model with recapture probability varying by time at Perry County
Gopher Tortoise Management Unit in Perry County, Mississippi. Posterior means, standard
deviations (SD), 95 % credible intervals (CI), and R-hat values are reported for the inclusion
probability (Ψ), recapture probability (p) by group, population size (N), and deviance. R-hat
values ≤ 1.01 indicate potential model convergence.
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Table 2.7

Model comparison for Cormack-Jolly-Seber models at Perry County Gopher
Tortoise Management Unit

Model
DIC
ΔDIC
pD
ϕ(.)p(g)
91.9
0
9.7
ϕ(g+t)p(t)
91.9
0
10.9
ϕ(.)p(.)
92.2
0.3
8.6
ϕ(g+t)p(g)
92.3
0.4
7.7
ϕ(g)p(.)
93
1.1
10.2
ϕ(g)p(g)
93
1.1
10.7
ϕ(g+t)p(.)
93.5
1.6
9.2
ϕ(t)p(g)
94.8
2.9
14.8
ϕ(t)p(.)
96
4.1
15.5
ϕ(t)p(g+t)
106.9
15
43.4
ϕ(t)p(t)
107.2
15.3
36.2
ϕ(g)p(t)
108.9
17
37.8
ϕ(.)p(t)
110.5
18.6
39.8
ϕ(.)p(g+t)
114.2
22.3
51.1
ϕ(g)p(g+t)
117
25.1
53.3
ϕ(g+t)p(g+t)
129.1
37.2
50.6
Model comparison for Cormack-Jolly-Seber models to estimate gopher tortoise (Gopherus
polyphemus) apparent survivorship for adults at Perry County Gopher Tortoise Management
Unit in Perry County, Mississippi. For these models, constant effects (.), fixed time effects (t),
fixed group effects (g), and fixed group and time effects were considered for apparent
survivorship (ϕ) and recapture probability (p).
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Table 2.8

Model results for Cormack-Jolly-Seber model with constant effects for apparent
survivorship and recapture probability at the Perry County Gopher Tortoise
Management Unit

Parameter Mean SD Lower 95 % CI Upper 95 % CI R-hat
ϕ
0.85 0.10
0.62
0.99
1.00
p
0.37 0.09
0.22
0.57
1.00
Deviance
83.53 4.15
74.09
91.14
1.00
Model results for the top Cormack-Jolly-Seber model with constant effects for apparent
survivorship and recapture probability at the Perry County Gopher Tortoise Management Unit in
Perry County, Mississippi. Posterior means, standard deviations (SD), 95 % credible intervals
(CI), and R-hat values are reported for apparent survivorship (ϕ), recapture probability (p), and
deviance. R-hat values ≤ 1.01 indicate potential model convergence.
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Table 2.9

Measurements of gopher tortoise captured at both sites

Range
Range
Range
Weight
Range
Carapace Carapace Plastron Plastron
Width
Width
Site
Sex
n
(kg)
Weight (kg)
(mm)
(mm)
(mm)
(mm)
(mm)
(mm)
BC
Male
21 3.53 ± 0.78
2.57 - 5.42
257 ± 18
228 - 295 253 ± 19 220 - 289 209 ± 14 187 - 234
Female 13 4.22 ± 0.39
3.42 - 4.62
278 ± 9
261 - 290 271 ± 11 251 - 287 227 ± 8 215 - 241
Overall 34 3.79 ± 0.74
2.57 - 5.42
265 ± 18
228 - 295 260 ± 18 220 - 289 216 ± 15 187 - 241
PCGTMU
Male
24 3.27 ± 0.64
2.36 - 4.46
253 ± 18
226 - 290 246 ± 19 213 - 279 202 ± 14 180 - 229
Female 15 3.93 ± 0.51
3.26 - 5.06
275 ± 14
254 - 297 264 ± 12 244 - 284 221 ± 20 168 - 244
Subadult 6 1.24 ± 1.36
0.22 - 3.30
173 ± 67
106 - 259 164 ± 70 104 - 257 138 ± 51 83 - 206
Juvenile 9 0.10 ± 0.05
0.06 - 0.18
78 ± 12
67 - 94
76 ± 12
63 - 92
67 ± 8
59 - 79
Overall 54 2.72 ± 1.52
0.06 - 5.06
224 ± 73
67 - 297
217 ± 71 63 - 284 180 ± 5 59 - 244
Both Sites
Male
45 3.39  0.72
2.36 - 5.42
226 - 295 249  19 213 - 289 205  14 180 - 234
255  18
Female 28 4.07 ± 0.47
3.26 - 5.06
254 - 297 267  12 244 - 287 224  15 168 - 244
276  11
Subadult 6 1.24 ± 1.36
0.22 - 3.30
173 ± 67
106 - 259 164 ± 70 104 - 257 138 ± 51 83 - 206
Juvenile 9 0.10 ± 0.05
0.06 - 0.18
78 ± 12
67 - 94
76 ± 12
63 - 92
67 ± 8
59 - 79
Overall 88 3.16  1.36
0.06 - 5.42
240 ± 61
67 - 297
234 ± 60 63 - 289 194 ± 50 59 - 244
Summary of measurements (mean  standard deviation and range) for captured gopher tortoise (Gopherus polyphemus) at Ben’s
Creek (BC) in Washington Parish, Louisiana, and Perry County Gopher Tortoise Management Unit (PCGTMU) in Perry County,
Mississippi.
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Table 2.10

Summary of observed external parasites, shell disease, and shell damage of gopher tortoise (Gopherus polyphemus)
captured at both sites

Shell
Shell
Site
Sex
n Parasites
Damage
Degradation
Yellow Spot
21 0 (0 %)
BC
Male
13 (38 %)
20 (59 %)
6 (18 %)
13 0 (0 %)
Female
7 (21%)
11 (32 %)
2 (6 %)
Overall 34 0 (0 %)
20 (59 %)
31 (91 %)
8 (24%)
24 15 (28 %)
PCGTMU Male
15 (28 %)
17 (31 %)
10 (19 %)
15 7 (13 %)
Female
8 (15 %)
14 (26 %)
5 (9 %)
Subadult 6
2 (4 %)
0 (0 %)
1 (2 %)
3 (6 %)
Juvenile 9
1 (2 %)
0 (0 %)
0 (0 %)
0 (0 %)
Overall 54 25 (46 %)
23 (43 %)
32 (59 %)
18 (33 %)
Summary of individuals with external parasites (gopher tortoise tick, Amblyomma tuberculatum), shell disease, and shell damage for
gopher tortoise (Gopherus polyphemus) captured at Ben’s Creek (BC) in Washington Parish, Louisiana and Perry County Gopher
Tortoise Management Unit (PCGTMU) in Perry County, Mississippi. Percentages in the table indicate the ratio of the total captures
within a site represented by each group.
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Figures

Figure 2.1

Gopher Tortoise soil suitability at Ben’s Creek

Gopher tortoise (Gopherus polyphemus) soil suitability based on USFWS definitions of soil
geographic database (SSURGO) data in relation to tortoise capture locations for Ben’s Creek
(BC) in Washington Parish, Louisiana (USFWS 2005, soil classification data from Trip 2016).
Areas in white include unsuitable soils and missing soil data. Red box in inset map indicates the
location of the site.
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Figure 2.2

Gopher tortoise soil suitability at Perry County Gopher Tortoise Management Unit

Gopher tortoise (Gopherus polyphemus) soil suitability based on USFWS definitions of soil
geographic database (SSURGO) data in relation to tortoise capture locations for Perry County
Gopher Tortoise Management Unit (PCGTMU) in Perry County, Mississippi (USFWS 2005, soil
classification data from Trip [2016]). Areas in white include unsuitable soils and missing soil
data. Red box in inset map indicates the location of the site.
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Figure 2.3

Examples of gopher tortoise burrow activity classifications

Examples of the status of gopher tortoise (Gopherus polyphemus) burrow activity classifications:
Active (Figure 2.3A), Possibly Active (Figure 2.3B), Inactive (Figure 2.3C), and Old /
Abandoned (Figure 2.3D)
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Figure 2.4

Examples of shell disease and damage observed on captured gopher tortoise

Shell disease and damage examined during health screenings of captured gopher tortoise
(Gopherus polyphemus). Figure 2.4A. depicts healed shell damage, potentially caused by
collision with vehicles. Figure 2.4B. depicts yellow spot shell disease which is identified by the
lighter, yellow region along the midline of the plastron caused by the formation of bone
fontanelles. Figure 2.4C. and 2.4D. depict shell degradation due to infection of keratin eating
fungus and/or bacteria with Figure 2.4C showing infection of the carapace and Figure 2.4D
showing infection of the plastron. Note that shell rot can also cause softening of the plastron
similar to yellow spot; however, the coloration and formation of the affected area differs.
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Figure 2.5

Width of gopher tortoise burrows at both sites

Distribution of widths for gopher tortoise (Gopherus polyphemus) burrows measured at Ben’s
Creek (BC) in Washington Parish, Louisiana and at Perry County Gopher Tortoise Management
Unit (PCGTMU) in Perry County, Mississippi. The mean burrow width is indicated by the
dashed line.
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Figure 2.6

Comparison of straight-line carapace widths of tortoise captured at Ben’s Creek
during previous and current studies

Distribution of straight-line carapace widths for Hurley (1993; 1991 – 1993; n = 88), Gaillard
(2014; 2011; n = 17), and current study (2017 – 2018; n = 34) of gopher tortoise (Gopherus
polyphemus) captured at Ben’s Creek in Washington Parish, Louisiana. The mean carapace
width for each study is indicated by the dashed line.
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Figure 2.7

Comparison of straight-line carapace widths of tortoise captured at Perry County
Gopher Tortoise Management Unit during previous and current studies

Distribution of straight-line carapace widths for Sloan (2015; 2014; n = 44) and current study
(2017 – 2018; n = 54) of gopher tortoise (Gopherus polyphemus) captured at Perry County
Gopher Tortoise Management Unit in Perry County, Mississippi. The mean carapace width for
each study is indicated by the dashed line.
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GOPHER TORTOISE (GOPHERUS POLYPHEMUS) MOVEMENT PATTERNS AND HOME
RANGE SIZES WITHIN PRIVATE, WORKING FOREST LANDSCAPES IN LOUISIANA
AND MISSISSIPPI
Abstract
The gopher tortoise (Gopherus polyphemus; hereinafter, tortoise), a keystone species in
southern pine (Pinus spp.) ecosystems, is listed as threatened under the Endangered Species Act
in the western portion of its range. Across the species’ range, approximately 70 % of potential
tortoise habitat is on private lands, and these properties are often managed primarily for timber
production. However, tortoise ecology on these private, working forest landscapes remain poorly
understood. To provide a better understanding of tortoise movement ecology on private, working
forest landscapes within the threatened portion of the species’ range, I captured and
radiotransmittered tortoises from two different private, working forest landscapes, each with
different management regimes and soil series: former Ben’s Creek Wildlife Management Area
(BC) in Washington Parish, Louisiana and Perry County Gopher Tortoise Management Unit
(PCGTMU) in Perry County, Mississippi. Generally, tortoise home range sizes (95 % and 50 %
minimum convex polygon and kernel density utility distributions) were significantly larger for
males than females (p < 0.05), but not different between sites for either home range estimators (p
> 0.05). Mean displacement distances between captures was significantly greater at BC than
PCGTMU (p > 0.05), but not different between sexes (p > 0.05). Number of confirmed
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movements was significantly greater for males than females (p < 0.05), but not different between
sites (p < 0.05). Other movement metrics measured (mean distance per movement and number of
unique burrows used) did not significantly differ by sex or site (p > 0.05). Tortoises at BC
generally remained on utility rights-of-way and roadsides. However, midstory management
through regular prescribed fire schedule, herbicide treatments, and mechanical removal of
vegetation along with harvest activities may increase tortoise use of forest stands. Tortoises at
PCGTMU generally remained within forest stands with higher soil suitability and appeared to
have moved into stands that have undergone recent timber harvest, which possibly indicates the
species ability to exploit appropriate forest conditions when they occur on the landscape.
Introduction
The gopher tortoise (Gopherus polyphemus; hereinafter, tortoise) is a keystone species
and ecosystem engineer in southern pine (Pinus spp.) ecosystems (Kinlaw and Grasmueck 2012,
Catano and Stout 2015). However, tortoise populations are estimated to have declined 80 % over
the last 100 years due to factors such as habitat conversion to agriculture, urbanization, fire
suppression, disease, and human predation and take (Auffenberg and Franz 1982, Catano et al.
2014, Rostal et al. 2014). The United States Fish and Wildlife Service (USFWS) listed tortoise as
threatened in 1987 under the Endangered Species Act (ESA) in the portion of its range west of
the Tombigbee and Mobile River systems in southwestern Alabama and throughout the species’
range in Mississippi and Louisiana (USFWS 1990, Rostal et al. 2014). Moreover, tortoise are a
candidate species for federal listing throughout the remainder of their range and are state-listed
as threatened in Georgia, Florida, and Louisiana, endangered in South Carolina and Mississippi,
and a protected non-game species of conservation concern in Alabama (USFWS 1990, 2012).
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Although tortoise populations are often protected and managed for on federally and stateowned lands such as military instillations, national forests, and state wildlife management areas,
most occur on private lands where management regimes often differ from public ownerships
(McCoy et al. 2006, Meyer et al. 2007, Yager et al. 2007, Richter et al. 2011, Wigley et al.
2012). The USFWS Gopher Tortoise Recovery Plan identified 18,594 ha of private lands where
tortoises occur in the listed portion of the species’ range (USFWS 1990). Many of these private
lands are owned or managed by forest product companies. Certain management practices can
negatively affect tortoise populations, such as planting regimes that use high basal area seeding
and high basal area stands that cause closed canopy conditions (Lohoefener and Lohmeier 1981,
Jones and Dorr 2004). Conversely, management practices such as midstory control through
prescribed fire, herbicide use, mechanical removal of woody trees and shrubs, and periodic
thinning can improve conditions for tortoises by maintaining an open canopy and an herbaceous
understory (Diemer Berish 1992, Diemer Berish et al. 2012, Jones and Dorr 2004). Although
these management practices may benefit tortoises, more information is needed to determine how
tortoises respond to these management regimes on private, working pine forests because the
effects of this type of forest management is less studied for the species.
While the movement ecology of tortoises has been relatively well studied, most of these
studies were conducted in the eastern, non-listed portion of the tortoise’s range and with a
majority in core of the species’ range in Georgia and Florida (Table 3.1). Animals at the
periphery of their range may exhibit different behaviors due to an increase of fragmentation into
smaller, less spatially connected populations, and they may inhabit different ecological
communities than is deemed as typical for a species (Richter et al. 2011, Winters et al. 2017).
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To better understand tortoise movement ecology on private, working forest landscapes at
the periphery of their range, I surveyed two populations using radiotelemetry and markrecapture: the former Ben’s Creek Wildlife Management area (BC) and the Perry County Gopher
Tortoise Management Unit (PCGTMU). The objectives of these surveys were to determine if
tortoise movement ecology and behavior differed based on active forest management, site
specific factors, or within the periphery of the species’ range. As these populations are within the
periphery of their range, I predicted observed home range sizes and movement characteristics
would differ from previous studies conducted within the core of tortoise’s range. Due to mate
searching behaviors of male tortoise, I predicted home ranges and movements would be larger
for males than females as reported throughout their range. In areas with higher quality habitat,
tortoise should have smaller home ranges. Therefore, due to differences in forest management
histories and habitat quality, I predicted that observed home ranges and movement characteristics
would be larger at BC than PCGTMU due to a lower availability of suitable soils and an increase
in canopy closure at the site.
Methods
Study Sites
I collected data at BC in Washington Parish, Louisiana (5,279 ha), and PCGTMU in
Perry County, Mississippi (97 ha) on properties owned and managed by Weyerhaeuser Company
(Figure 1.1). Both properties were dominated by loblolly pine (Pinus taeda), longleaf pine (P.
palustris), and slash pine (P. elliottii) planted in even-aged stands with stands of different age
classes interspersed across the landscape. Other cover types on these sites included hardwood
stands that were primarily along streams, rights-of-way, roads, and other open areas (see Chapter
1).
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I categorized soil data from the soil geographic database (SSURGO) based on USFWS
ranks of tortoise soil suitability by state across each site (USFWS 2005, Soil Survey Staff 2017).
At BC, the Latonia soil series was ranked as highly suitable; Ruston, Smithdale, and Cahaba soil
series were ranked as less suitable; Angie and Prentiss soil series were ranked as marginally
suitable; and Savanah, Myatt, Ouachita, Bibb, Jena, and Stough soil series were ranked as
unsuitable (Figure 2.1; USFWS 2005). At PCGTMU, Wadley soil series was ranked highly
suitable, Smithdale and McLaurin soil series was ranked as less suitable, and Bibb soil series was
ranked as unsuitable (Figure 2.2; USFWS 2005).
Tortoise Burrow Surveys
At both sites from June to August 2017, I conducted a preliminary survey for tortoise
burrows in areas previously reported as occupied (Landry 2015, Sloan 2015). Beginning in May
2018, I conducted a modified line transect distance survey (LTDS) to provide estimates of
tortoise burrow densities (burrows/ha). For the LTDS surveys, I surveyed stands if they
contained evidence of recent or potential tortoise activity during the preliminary surveys or if
tortoise-specific habitat management was planned for the stand (Figure 4.1, Figure 4.2). I did not
survey drainages and flood zones contained within streamside management zones. Therefore, I
surveyed forest stands that were assumed to contain suitable tortoise habitat. Most of the
PCGTMU field site was surveyed (Figure 4.4). However, only approximately 442 ha at the BC
field site was surveyed (Figure 4.3).
When I located a burrow, I classified it as immature-sized (< 15 cm) or adult (> 15 cm)
based on relative burrow width (Sloan 2015). I marked burrows with flagging tape, recorded
location and a unique burrow number in a handheld Garmin GPS unit (Garmin Ltd., Olathe,
Kansas), and classified them by activity status. Regardless of burrow size or potential size of the
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tortoise within, I used four classifications for burrow activity (Figure 2.3; Carthy et al. 2005,
Diemer Berish et al. 2012, Sloan 2015):
1. Active – burrow with fresh soil on the apron from recent digging and/or evidence of
tracks and slides from a tortoise entering the burrow.
2. Possibly Active – burrow appeared to be active but cause and level of activity was
difficult to determine at time of detection due to factors such as potential use of burrow
by another animal or recent rain.
3. Inactive – burrow that still contains an oval appearance (is not collapsed) but did not
contain fresh soil or any other signs of a tortoise recently entering the burrow.
4. Old/Abandoned – burrow that was collapsed, filled with soil or vegetation, misshapen by
other animals (e.g., nine-banded armadillo, Dasypus novemcinctus), and/or otherwise
shows no evidence of potential tortoise use. Note that while an abandoned burrow was
not currently categorized as usable by a tortoise, this status was not an indication that a
tortoise would be unable to reopen and reoccupy the burrow.
I determined occupancy of active, possibly active, and inactive burrows by scoping
burrows with a burrow camera system (Environmental Management Services, Canton, GA). This
camera system consisted of a video display attached to flexible conduit with a lighted camera
mounted on the end that I inserted into a burrow entrance to assess occupancy. If I was unable to
reach the end of a burrow with the camera or if a burrow was not scoped, burrow occupancy was
listed as unknown. I did not determine occupancy of juvenile burrows because they were too
small to be scoped by the camera system.
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Tortoise Trapping and Processing
When I confirmed that a burrow was occupied by the camera system or I observed signs
of recent activity, I set a TomahawkTM brand wire live trap (Tomahawk Live Trap, Hazelhurst,
WI) or a flap trap (Enge et al. 2012) at the burrow to attempt capture. I checked traps at least
three times daily (morning, midday, and evening) to reduce trap stress on captured tortoises. I
trapped each potentially occupied burrow until the tortoise was captured or until the trapping
session ended. For this study, I define trapping session as the length of time traps were set on a
given site with multiple trapping sessions occurring at each site within each year. I also
opportunistically captured tortoises by hand when I found them moving outside of burrows.
I processed captured tortoise by sexing, classifying age (juvenile, subadult, adult), and
conducting health screenings for signs of disease and external parasites (see Chapter 2).
Additionally, I measured individuals’ straight-line carapace length (mm; from nuchal scute to
posterior terminal marginal scute), straight-line plastron length (mm; gular scute to anal scute)
and maximum width (mm; the widest point along transverse plane of the marginal scutes) using
a tree caliper for adults or digital caliper for smaller individuals, and weight (kg) using a digital
scale (USFWS 2017). Based on measurements of straight-line carapace length, I separated
tortoises into three age classes: juveniles (<100 mm), subadults (100 – 240 mm unless the
individual presented secondary sexual characteristics), and adults (>240 mm; McRae et al.
1981b). I determined tortoise sex by degree of plastron concavity, comparing straight-line
carapace length to straight-line plastron length, and shape and length of the gular scute. Male
tortoises have enlarged gular scutes used for male-male combat and a higher degree of plastron
concavity to allow for copulation (McRae et al. 1981b, Rostal et al. 2014).
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I permanently marked newly captured adults and subadults (when possible based on size)
following the Cagle (1939) method using a triangular file to notch or a drill to make a small hole
in marginal scutes (USFWS 2017a). I temporarily marked juvenile and small subadult tortoise
that were too small to permanently mark by painting marginal scutes with fingernail polish to
differentiate individuals between years. I also attached very high frequency (VHF)
radiotransmitters to track movements (see below). After processing, I immediately released
tortoises into the burrow where they were captured or near their capture location.
Tortoise Radiotransmitter Attachment and Tracking
I attached radiotransmitters to a subset of adult tortoises captured at each site for 50:50
sex ratio of radiotransmittered individuals. Generally, I selected the first individuals captured at
site that were deemed healthy (no clinical symptoms of upper respiratory tract disease, active and
strong, etc.) to receive radiotransmitters. I attached a VHF radiotransmitter (ATS transmitter
R2220, Advanced Telemetry Systems, Isanti, MN) and a global positioning system (GPS) data
loggers (i-got u GT-120 GPS Tracker, MobileAction, New Taipei City, Taiwan). These GPS
data loggers use an internal antenna to collect and store precise GPS locations and were modified
by replacing the internal battery with a rechargeable battery pack (Li-Ion 3.7V 2600mAh,
Tenergy, Fremont, CA) to extend battery life (Paden 2018). Also, to further extend battery life, I
programmed GPS data loggers using the @Trip PC Platform software provided through
MobileAction to record a single point every hour during the times of greatest tortoise activity
(800 to 2100 CDT; Douglass and Layne 1978, Paden 2018).
I attached radiotransmitters and GPS data loggers to the posterior plural scutes of
tortoises using a putty epoxy (J-B Weld Waterweld Epoxy Putty, J-B Weld Company, Sulphur
Springs, TX; Figure 3.1; Bauder et al. 2014). This type of epoxy is desirable as it sets quickly
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(within 20 minutes), is durable, and does not set using an exothermic reaction that could be
harmful to the tortoise. For female tortoise, I placed radiotransmitters and GPS data loggers more
anteriorly to allow for copulation with males.
I tracked radiotransmittered tortoises using a Biotracker receiver (Lotek, Ontario, CA)
and a three-element yagi antenna. During each radiotelemetry check, I tracked each
radiotransmittered tortoise to its location above ground, or within a burrow, as determined by
signal strength and triangulation around the burrow entrance. Once I determined a location, I
recorded date and time, burrow number, GPS location of the tortoise (if above ground) or burrow
entrance (if within a burrow), if the tortoise was seen (above ground or within burrow), and if the
radiotransmitter was emitting a mortality signal, indicating the tortoise was dormant or had not
moved for at least a day. During the first field season (June – August 2017), I tracked each
radiotransmittered tortoise at least once a week. However, during the second field season (May –
August 2018), I tracked each radiotransmittered tortoise at least twice a week until it was
captured and radiotransmitter removed or lost to the project due to radiotransmitter failure or offsite movements.
Statistical Analyses
Tortoise Home Ranges
I calculated home ranges, including minimum convex polygon (MCP) and kernel density
utility distributions (UD), using the adehabitatHR package version 0.4.16 in R version 3.3.3
(Calenge 2006, R Core Team 2017). In the tortoise literature, 100 % MCP home ranges are
widely used due to ease of calculation and low sample size needed. However, this estimator
tends to overestimate home range sizes as temporal components of a species spatial distribution
are not considered, so areas that are not used or only used as a movement corridor are also
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included (Gitzen et al. 2006, Bauder et al. 2014). Kernel density functions are more desirable as
they calculate a UD that considers probability an individual may be found within a given area
based on number of relocations (Seaman et al. 1999, Gitzen et al. 2006).
To calculate MCP and UD, I generated random points between 0 – 5 m from locations
determined from radiotransmitter checks to provide spatial variation because some individuals
were sedentary and only observed within a single or few burrow(s). These “jittered” locations
were within the 15 to 30 m tortoise foraging distances around burrows reported by McRae et al.
(1981) and Smith, Breininger, and Larson (1997). I used jittered radiotransmitter data to
calculate a 100 % MCP for each individual with more than five fixes to provide a direct
comparison to other studies that used similar methodology. I also calculated 95 % MCP (to
account for GPS error and outlier movements) and 50 % MCP (core home range) for each
individual with more than five total fixes by combining jittered radiotransmitter data and
locations from GPS data loggers (Figure 3.2, Figure 3.3).
Using the same data (jittered radiotransmitter and GPS data logger fixes) as the 95 % and
50 % MCP home ranges, I calculated kernel density UD for 95 % UD (to account for GPS error
and outlier movements), and 50 % UD (core distribution; Figure 3.4, Figure 3.5). For UD
estimates, I excluded individuals with fewer than 30 fixes to minimize biases (Seaman et al.
1999, Gitzen et al. 2006). While a least squares cross validation (LSCV) method is generally
used to calculate the smoothing parameter (h) for the kernel density function, the LSCV method
failed to converge for tortoise relocation data. This type of model failure is common with
datasets that contain many spatially clumped fixes (Gitzen et al. 2006, Kie et al. 2010, Bauder et
al. 2014). Also, the reference bandwidth (href) oversmoothed the data for most individuals
creating UD that were larger than MCP. Therefore, I used an ad hoc method to calculate the
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smoothing parameter by reducing the reference bandwidth in increments of 0.1 (0.9*href, 0.8*href,
etc.) until the smallest possible 95 % UD without holes, gaps, or erroneous polygons was
produced for each individual (Berger and Gese 2007, Kie et al. 2010, Bauder et al. 2014).
Tortoise Movement Metrics
Tortoises are a relatively sedentary species that may spend weeks to months within their
burrows (Diemer Berish 1992). Therefore, due to error associated with the GPS data loggers, I
only used confirmed movements from burrows obtained using radiotransmitter fixes and capture
data for movement metrics. I confirmed a tortoise movement when an individual either was seen
above ground away from a burrow or was in a different burrow than during the previous check.
While tortoises likely moved between radiotelemetry checks, confirmed movements and
distances moved between radiotelemetry checks provide an index of the overall movements for
each individual. For each radiotransmittered tortoise, I calculated straight-line distance (m)
between each known location and the mean distance per movement.
To provide more information on how each tortoise population moved in response to
active forest management, I calculated displacement distance (m) from previous capture location.
For both sites, I measured straight-line displacement distance (m) from each of the previous
capture locations for each recaptured tortoise from this study. At PCGTMU, I also calculated
displacement distance (m) since the previous capture in 2014 (Sloan 2015) to the first capture
during this study.
GPS Data Logger Error
To estimate error associated with the GPS data loggers, I calculated mean linear error
(MLE) from known locations for each site. I obtained known locations through radiotransmitter
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fixes when a tortoise was seen above ground, within a burrow, or the tortoise was prevented from
leaving a burrow (i.e., when a trap was placed at a burrow entrance). I compared known
locations to those from GPS data loggers if less than 10 minutes time had passed since both
locations were recorded. Due to these limitations, I was unable to determine the depth below
ground for locations taken by the GPS data loggers. I measured straight-line distance (m) from a
known location to a location from the GPS data logger. I compared the mean straight-line
distances from each study site and compared them to those reported by Paden (2018).
Comparing Movement and Home Range Metrics
For displacement of recaptured tortoises, movements of radiotransmittered tortoises,
number of confirmed movements, number of burrows used, 95 % MCP, 50 % MCP, 95 % UD,
and 50 % UD, I compared differences between means for males and females and means for BC
and PCGTMU using a Welch two-sample t-test in R. I checked the residuals of each model for
normality using Shapiro-Wilk test and quantile-quantile plots (Q-Q plots). To meet normality
assumptions, I transformed models containing nonnormally distributed residuals by adding a
constant of ‘1’ then multiplying by common logarithm [log10(x+1)]. I transformed models that
did not meet normality assumptions with this common logarithm transformation using a square
root transformation. For each t-test, I reported arithmetic mean and standard deviation for each
group and 95 % confidence intervals (95 % CI), t-test statistic (t), degrees of freedom (df), and pvalue from the t-test. I considered  = 0.05 with p-values ≤ 0.05 as statistically significant.

77

Results
Tortoise Burrow Surveys
During surveys across both sites, I detected 369 burrows. At BC, I detected 161 burrows,
and classified 80 (50 %) as active, 7 (4 %) as possibly active, 39 (24 %) as inactive, and 35 (22
%) as old/abandoned. Of the 126 usable (active, possibly active, and inactive) burrows, I
confirmed 62 (49 %) to be occupied at least once, 42 (33 %) were unoccupied, and was unable to
confirm occupancy in 22 (17 %). For the 442 ha surveyed at BC, I calculated a usable burrow
density of 0.29 burrows per ha.
At PCGTMU, I detected 208 burrows and classified 138 (66 %) as active, 5 (2 %) as
possibly active, 45 (22 %) as inactive, and 20 (10 %) as old/abandoned. Of the 188 usable
burrows detected, I confirmed 87 (46 %) to be occupied at least once, 26 (14 %) were
unoccupied, and was unable to confirm occupancy in 75 (40 %). For the 97 ha surveyed at
PCGTMU, I calculated a usable burrow density of 1.93 burrows per ha.
Tortoise Captures
During my study, I captured 88 individuals (34 BC and 54 PCGTMU) with 131 total
captures (58 BC and 73 PCGTMU). The 34 individual tortoises I captured at BC consisted of 21
males and 13 females for a ratio of 62 % males and 38 % females. At BC, I recaptured 14
individuals at least once between years and/or within the same year for a total of 24 recaptures.
The 54 individual tortoises I captured at PCGTMU consisted of 24 males, 15 females, 6
subadults, and 9 juveniles for a ratio of 44 % males, 28 % females, 11 % subadults, and 17 %
juveniles. At PCGTMU, I recaptured 13 of 32 adult tortoises captured in 2014 (Sloan 2015). I
also recaptured 12 individuals at least once between years and/or within the same year for a total
of 18 recaptures.
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Data Transformation
I transformed data used for four t-test (95 % MCP between sites, 50 % UD between sites,
distance per movement between sexes, and distance per movement between sites) using common
logarithm [log10(x+1)] due to nonnormally distributed residuals. I transformed data used for
three t-test (50 % MCP between sites, displacement distance between sexes, and displacement
distance between sites) using square root due to nonnormally distributed residuals.
Home Range of Radiotransmittered Tortoises
I tagged 19 individual tortoises with radiotransmitters consisting of 10 males (5 BC and 5
PCGTMU) and 9 females (5 BC and 4 PCGTMU; Table 3.2). Of those 19 individuals, I fitted 10
with GPS data loggers consisting of 5 males (3 BC and 2 PCGTMU) and 5 females (2 BC and 3
PCGTMU). Due to radiotransmitter failure and tortoise movement off study sites, I used data
from 17 individuals to compare movement metrics and burrow usage consisting of 10 males (5
BC and 5 PCGTMU) and 7 females (3 BC and 4 PCGTMU) and 15 individuals for calculating
MCP home ranges consisting of 8 males (5 BC and 3 PCGTMU) and 7 females (3 BC and 4
PCGTMU; Table 3.3). Only individuals with GPS data loggers had sufficient fixes (n  30) to
calculate UD. Therefore, due to GPS logger failure for two individuals, I calculated UD for 8
individuals consisting of 4 males (2 BC and 2 PCGTMU) and 4 females (1 BC and 3 PCGTMU;
Table 3.4).
For the 15 radiotransmittered individuals with a sufficient number of fixes to calculate an
MCP home range, the mean 95 % home range size was 1.19  1.40 ha (min < 0.01 ha, max =
4.41 ha), and the mean 50 % home range size was 0.27  0.39 ha (min < 0.01 ha, max = 1.34 ha
(Table 3.3, Figure 3.6). Both mean MCP home range sizes differed significantly by sex (95 %
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MCP: male = 1.95  1.55 ha, female = 0.33  0.35 ha, 95 % CI = - 2.92 – - 0.31, t = - 2.87, df =
7.81, p-value = 0.02; 50 % MCP: male = 0.47  0.46 ha, female = 0.03  0.04 ha, 95 % CI = 0.82 – - 0.05 , t = - 2.65, df = 7.14, p-value = 0.03; Table 3.3, Figure 3.6). However, they did not
differ significantly by site (95 % MCP: BC = 1.34  1.53 ha, PCGTMU = 1.02  1.32 ha, 95 %
CI = - 0.23 – 0.35, t = 0.44, df = 12.87, p-value = 0.67; 50 % MCP: BC = 0.29  0.33 ha,
PCGTMU = 0.24  0.49 ha, 95 % CI = - 0.34 – 0.50, t = 0.42, df = 12.36, p-value = 0.68; Table
3.3, Figure 3.6).
For the eight radiotransmittered individuals with a sufficient number of fixes to calculate
UD, the mean 95 % UD was 1.87  1.43 ha (min = 0.23, max = 3.95 ha, and the mean 50 % UD
was 0.26  0.28 ha (min = 0.02, max = 0.83 ha (Table 3.4, Figure 3.6). Similar to the MCP home
range comparison results, the 95 % UD differed significantly by sex (males = 3.07  0.82 ha,
females = 0.67  0.51 ha, 95 % CI = - 3.64 – - 1.14, t = - 4.93, df = 5.04, p-value = 0.004);
however, the 50 % UD did not differ by sex (males = 0.47  0.28 ha, females = 0.06  0.05 ha,
95 % CI = - 0.83 – 0.03, t = - 2.89, df = 3.18, p-value = 0.06; Table 3.4, Figure 3.6). Neither UD
significantly differed by site (95 % UD: BC = 2.35  1.22 ha, PCGTMU = 1.58  1.60 ha, 95 %
CI = - 1.75 – 3.30, t = 0.77, df = 5.39, p-value = 0.47; 50 % UD: BC = 0.32  0.21 ha, PCGTMU
= 0.23  0.34 ha, 95 % CI = - 0.12 – 0.19, t = 0.59, df = 5.80, p-value = 0.58; Table 3.4, Figure
3.6).
Tortoise Movement Metrics
I observed 124 (83 BC and 34 PCGTMU) confirmed movements of radiotransmittered
individuals. Tortoise had a mean of 7 ± 7 movements (min = 1, max = 26 confirmed movements;
Table 3.5, Figure 3.7). Mean distance per movement was 150 ± 137 m (min = 8, max = 3044 m;
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Table 3.5, Figure 3.8). The longest observed distance of 3044 m was by an adult female tortoise
at BC. I captured and radiotransmittered this individual in June 2017 and observed it using one
burrow until the last radiotransmitter check on site in March 2018. I located the tortoise in the
backyard of a resident in Bogalusa, LA in May 2018. The tortoise appeared healthy and showed
no symptoms of upper respiratory tract disease (UTRD) when initially captured in 2017 or when
captured after movement in May 2018. It remained in Bogalusa, LA until monitoring ended in
August 2018. As this movement was off the study site and a large outlier movement, I removed
it from the comparative analyses below.
I observed males moving more often between radiotransmitter checks than females
(males = 10 ± 8, females = 4 ± 2, 95 % CI = - 11.67 – - 0.30, t = - 2.34, df = 10.19, p-value =
0.04; Table 3.5; Figure 3.7). However, I observed similar number of movements between
radiotransmitter checks at each site (BC = 10 ± 8, PCGTMU = 5 ± 4, 95 % CI = - 1.35 – 12.74, t
= 1.81, df = 9.62, p-value = 0.10; Table 3.5, Figure 3.7). Mean distance per movement was
similar for males and females (males = 140 ± 117 m, females = 165 ± 170 m, 95 % CI = -0.39 –
0.50, t = 0.27, df = 13.97, p-value = 0.79; Table 3.5, Figure 3.8) and for each site (BC = 197 ±
146 m, PCGTMU = 108 ± 120 m, 95 % CI = - 0.05 – 0.74, t = 1.85, df = 14.32, p-value = 0.09;
Table 3.5, Figure 3.8).
Tortoises used a mean of 5 ± 3 unique burrows (min = 1, max = 11; Table 3.5). Both
sexes used similar number of burrows (male = 6 ± 3, female = 4 ± 2, 95 % CI = - 4.30 – 0.78, t =
- 1.48, df = 14.85, p-value = 0.16; Table 3.5, Figure 3.9). Tortoise used similar number of
burrows at both sites (BC = 5 ± 3, PCGTMU = 4 ± 2, 95 % CI = - 0.42 – 4.95, t = 1.82, df =
12.89, p-value = 0.09; Table 3.5, Figure 3.9).
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Mean Displacement between Captures
Of the captures made between each year of this study (2017 to 2018), mean displacement
from previous capture location was 107  136 m (min = 0, max = 693 m; Table 3.6, Figure 3.10).
When considering recaptured adult tortoises, displacement distance from previous captures was
similar for both sexes (male = 86  82 m, female = 151  191 m; 95 % CI = - 2.96 – 6.00, t =
0.70, df = 21.69, p-value = 0.49; Table 3.6, Figure 3.10). For all recaptured tortoises,
displacement from previous capture location at BC was larger than at PCGTMU (BC = 148 
166 m, PCGTMU = 52  44 m, 95 % CI = 0.68 – 7.50, t = 2.43, df = 38.16, p-value = 0.02;
Table 3.6, Figure 3.10). For the 13 individuals recaptured in 2017 or 2018 from the 2014 study at
the PCGTMU field site, mean displacement from previous capture location was 103  69 m with
a range of 4 to 214 m (Table 3.7; Figure 3.11). For the adult tortoises recaptured from 2014
study, displacement distance from previous capture location was similar between sexes (male =
80  71 m, female = 156  62 m, (95 % CI = - 17.12 – 168.41, t = 1.94, df = 6.73, p-value =
0.09; Table 3.7; Figure 3.11).
Mean Linear Error of GPS Data Loggers
For GPS data loggers, I calculated MLE from 73 locations (16 BC and 57 PCGTMU).
Mean linear error was 14.33  12.34 m (min = 0.78 m, max = 72.82 m) Paden (2018) reported
MLE of 17.32 (at the surface) to 72.42 m (at 2 m depth) during fixed testing at varying burrow
depths of 0, 1, 1.5, and 2 m by Paden. The GPS data loggers fix success rate was 82  17 % (min
= 55 %, max = 98.95 %) which was within the rate of 51 % (at 2 m depth) to 99 % (at the
surface) reported by Paden (2018). The GPS data loggers appeared to have different success
rates for each site as GPS data loggers at BC had larger MLE (BC =18.18  15.32 m; PCGTMU
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= 13.25  11.29 m) and a lower fix rate (BC = 64.47  16.08 %; PCGTMU = 92.57  4.89 %)
than PCGTMU. These differences could be due to a variety of factors such as differences in
tortoise behavior (some individuals may be spending more time above ground or closer to the
surface than others), possible interference from high voltage powerlines on ROW at BC, and/or
higher clay content of the soil at BC.
Discussion
I observed similar 100 % MCP home ranges for tortoise at my study sites as those
observed throughout their range (Table 3.1). While previous surveys were conducted for a
variety of different reasons within different ecological communities and management histories
that are not directly comparable, mean 100 % home range sizes have been reported for resident
adult males from 0.32 to 6.57 ha (Lau 2011, Castellón et al. 2018, respectfully) and resident
adult females from 0.06 to 1.90 ha (McLaughlin 1990, Yager et al. 2007, respectfully. Mean 100
% MCP I observed were within the range reported for males at both sites and females at
PCGTMU, but radiotransmittered females at BC had larger home ranges than previously
reported. However, the large mean 100 % MCP observed for females at BC was likely due to
outlier movements as the mean 95 % MCP home ranges for these females was 0.31 ha (Table
3.6). Previous studies have also observed mean 95 % UD ranging from 0.31 to 4.66 ha for males
(Lau 2011, Castellón et al. 2018, respectfully) and 0.21 to 1.4 ha for adult females (Lau 2011,
Yager et al. 2007, respectfully). Again, my observations were within the range of those reported
in previous studies. However, the UD for males was on the upper end of this range. Previous
studies have shown that tortoise home range sizes and movements can be highly variable by
individuals. Therefore, a lack of difference seen on the periphery of the range could be due to the
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high variability of individuals and relatively small sample size of radiotransmittered individuals
in this study (Eubanks et al. 2003, Bauder et al. 2014, Castellón et al. 2018).
As predicted, home range sizes were larger for male tortoises than female tortoises for
most home range metrics (Table 3.3, Table 3.4, Figure 3.6). McRae et al. (1981a), Eubanks et al.
(2003), Tuberville et al. (2005), Bauder et al. (2014), and Guyer et al. (2012) all reported
significantly larger home ranges for males than females. In tortoise populations, males tend to be
the dispersing sex and move more readily to find mates; whereas, females tend to be more
sedentary and have smaller home ranges year-round (McRae et al. 1981a).
Although home ranges of females were smaller than those of males and mean number of
confirmed movements was larger for males, I observed that distance traveled between
movements for radiotransmittered females were similar to males. This result was partially due to
large movements of females at BC. For example, one female tortoise at BC moved over 3 km off
site which is considered to be a dispersal movement (Tuberville et al. 2005, Riedl et al. 2008).
Large movements of over 1 km within in a relatively short period of time have been observed
before, but these observations have mostly been of dispersing immature individuals (Diemer
Berish 1992, Eubanks et al. 2003), males showing mate searching behavior (McRae et al. 1981),
individuals showing signs of disease such as URTD (McGuire et al. 2014), and translocated
individuals (Tuberville et al. 2005, Riedl et al. 2008). However, this large distance movement
may have been the result of the individual trying to find better foraging opportunities, nest
locations, or mating opportunities (Guyer et al. 2012). The female that moved 3 km in my study
was located at the end of this movement in a burrow alongside a road, so to arrive at this
location, it may have followed the road as a corridor until a location deemed suitable was found.
This movement also could have been the result of human interaction (tortoise captured and
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released away from site). However, this is unlikely as this site contained multiple locked gates
preventing entry to the public and people leasing the site for recreational purposes were aware
that harming or moving tortoise is a federal offence.
I also observed other long distance movements of female tortoises of over 400 m at BC
(Table 3.2, Table 3.5). In these cases, females were observed initially along ROW and moved
either along the ROW to a new location or moved into adjoining forest stands. One of these
females moved from a ROW to a forest stand, nested within the forest stand, and moved back to
the ROW after the nest was depredated. The other female moved along the ROW from a cluster
of burrows with only one other tortoise to a new cluster of burrows with multiple individuals and
remained there throughout the course of the study. These movements provide evidence for
movements to potentially increase reproductive success or find new suitable locations. Diemer
Berish and Moore (1993) observed female tortoise moving away from roadsides into forest
stands that had undergone recent clearcut and nested within these areas. Guyer et al. (2012)
showed an increase in female tortoise movements as population density decreased. Both of my
study sites can be considered as being low density. Therefore, the large female movements
observed could be due to isolation.
Displacement distance since the previous capture in 2014 for recaptured tortoises at
PCGMTU was relatively small (Sloan 2015). Of the 13 recaptures from 2014 by Sloan (2015),
92 % were recaptured less than 200 m from their previous capture location and 46 % were
recaptured less than 100 m from their previous capture location. Similarly, Diemer Berish et al.
(2012) observed 88 % of recaptured tortoise had displaced less than 200 m in 20 + years, and
Wright (2016) observed 75 % of recaptured tortoise had displaced less than 200 m in 10 + years.
The Diemer Berish et al. (2012) study is particularly pertinent because it was also conducted on a
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private, working forest. These results taken together indicate that tortoises are remaining within
the same areas of sites and only making relatively small movements over time in response to
management, such as timber harvest. Tortoise may have settled into areas containing open
understories and suitable soils, or they could possibly be settled into areas with lower quality
habitat due to factors such as closed canopy conditions (McCoy et al. 2013).
Due to differences in habitat quality as determined by factors such as availability of
suitable soils and observed canopy openness, I predicted that observed home ranges and
movement characteristics would differ between my study sites. Except for displacement
distances between captures, these factors were not significantly different. While some of these
factors, such as number of confirmed movements and mean distance per movement may have
biological significance, this significance may have been muted due to small sample sizes and a
lack of statistical power.
I did observe behavioral differences between sites that provide evidence that individuals
respond to forest management. For example, most tortoises captured at BC were located along
ROW and roadsides. Home ranges along ROW and roadways were generally linear (Figure 3.2,
Figure 3.4). While tortoise at BC appeared to use ROW and roadsides as corridors to make large
movements between burrows or burrow clusters, they were primarily used for residency with
only a few tortoises residing within forest stands. In a study in south Florida, Rautsaw et al.
(2018) observed that individuals along roadsides generally only used those areas for residency
and not corridors. Although ROW and roadsides may not provide high quality conditions, they
provide open areas in an otherwise closed canopy system that may be altogether avoided as
observed in a behavioral study conducted by McCoy et al. (2013).
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At BC, surveys conducted in the early 1990’s and mid 2000’s also indicated similar
distributions of tortoise burrows along ROW and roadsides, although prescribed fires in select
forest stands occurred when the site was managed as a wildlife management area by the
Louisiana Department of Wildlife and Fisheries (Seigel and Hurley 1993, Smith, Hurley, and
Seigel 1997, Closito 2008, Landry 2015, F. Burks and J. Day; Louisiana Department of Wildlife
and Fisheries; personal communication). In the last 10 years at BC, forest stands have been
primarily managed with timber harvest and herbicide treatments for hardwood control although
prescribed fire was reintroduced to the site in 2019 and 2020 after this study concluded. Because
tortoises are still primarily using ROW and roadsides at this site, they may be selecting for open
areas regardless of understory conditions or previous forest management was unsuccessful in
providing favorable vegetative conditions at this site. However, more research is needed
determine tortoise habitat selection along ROW and adjacent forest stands.
At PCGTMU, tortoise were generally clustered within forest stands that contained highly
suitable soils in areas with lower basal area and midstory vegetation than the surrounding stand.
A first merchantable thin to aid in tree growth was conducted within on forest stand with highly
suitable soils in 2016. Burrows were not observed in in this forest stand by the previous study or
marked by forestry personnel (Sloan 2015). I observed a large cluster of burrows within this
forest stand, but none of the tortoises captured within this stand were previously marked.
Therefore, it is possible they were missed by the previous study, moved into the stand from the
surrounding areas, or remained clustered within pockets of potentially open canopy conditions
along sandhill ridges and expanded throughout the stand after the thin. Distribution of tortoises
throughout this forest stand provides evidence that forest management activities such as harvest
can provide open canopy conditions suitable for tortoises.
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I also observed tortoises at PCGTMU using skidder roads used to extract timber during
harvest. Diemer Berish (1992) and Diemer Berish et al. (2012) observed tortoise using windrows
(piles of logging debris placed in rows after a clearcut) and proposed that the logging debris
within these areas act as a backstop to provide further protection for burrows. Debris piles left
over from harvest activities may provide some benefit to tortoise and may not be detrimental to
tortoise movement as previously suggested (Lohoefener and Lohmeier 1981).
These sites have differing previous prescribed fire management histories. At PCGTMU,
prescribed fire occurs on a 2- to 7-year return interval (Richard Stich; Weyerhaeuser Company;
personal communication), and at BC, prescribed fire has not occurred in the last 10 years.
However, both sites have been managed with herbicide treatments to control hardwoods, timber
harvest, and prescribed fires have occurred at both sites after the conclusion of my study. While
implementing a single prescribed fire has not been shown to change home range sizes, an
increase in overall tortoise use of neighboring forest stands post-burn has been observed (Yager
et al. 2007). A regular disturbance is needed to decrease understory woody growth enough to
provide suitable understory conditions and increase tortoise use of forest stands (Yager et al.
2007, McCoy et al. 2013, Moule 2013). However, more information is needed to determine
tortoise response to prescribed fire-return intervals and fire intensity to inform management for
the species.
Management Implications
Tortoise at BC appear to be restricted to ROW and roadsides. Implementing a regular
prescribed burn schedule along with other methods of understory control such as herbicide
treatments and mechanical removal of hardwood trees and shrubs may be necessary at both sites
to open the midstory to allow tortoise to fully use forest stands. Timber harvest may also provide
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an opportunity for tortoise to use forest stands with closed canopy conditions. Tortoise
populations should continue to be monitored at both sites to further determine effects of active
forest management on behavior and movement of tortoise populations on private, working forest
landscapes. Future studies should be increase length of time tortoise are tracked, so effects of
long-term management on tortoise behavior and movement can be quantified and applied toward
appropriate management regimes for tortoise within private, working forest landscapes.
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Tables
Table 3.1

Mean 100 % minimum convex polygon (MCP) home range sizes reported in previous studies of gopher tortoise

Study
McRae et al. 1981
McRae et al. 1981
Wright 1982
Wright 1982
McLaughlin 1990
McLaughlin 1990
Diemer 1992
Diemer 1992
Diemer 1992
Diemer 1992
Wilson et al. 1994
Butler et al. 1995
Smith 1995
Smith 1995

Sex
Male
Female
Male
Female
Male
Female
Male
Female
Subadult
Juvenile
Juvenile
Juvenile
Female
Female

n
8
5
2
1
7
6
6
5
4
7
9
9
8
6

Home
Range
(100%
MCP;
ha)
0.45
0.08
2.65
0.70
1.05
0.06
0.88
0.31
0.50
0.01
0.07
0.26
0.48
0.11

Smith et al. 1997

Male

10

1.90

0.30 - 5.30

Smith et al. 1997
Eubanks et al. 2003
Eubanks et al. 2003

Female
Male
Female

4
68
51

0.60
1.10
0.40

0.30 - 1.10
0.00 - 4.80
0.00 - 3.40

Mitchell 2005
Pike 2006

Female
Juvenile

42
7

1.86
1.95

0.01 - 13.49
> 0.01 - 4.81

MCP Range
0.06 - 1.44
0.04 - 0.14
1.20 - 2.90
0.28 - 2.17
0.01 - 0.12
0.23 - 2.88
0.00 - 1.18
0.01 - 0.25
0.00 - 0.25
0.01 - 0.36
0.06 - 0.42
0.00 - 1.44
0.00 - 0.48
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Habitat Type
Longleaf Pine Sandhill
Longleaf Pine Sandhill

W. Indian Coastal Scrub
W. Indian Coastal Scrub
Planted Pine
Planted Pine
Planted Pine
Planted Pine
Sandhill
Turkey Oak Sandhill
Sandhill
Old Field
Coastal Scrub/
Flatwoods
Coastal Scrub/
Flatwoods
Longleaf Pine
Longleaf Pine
Longleaf Pine/
Wiregrass Sandhill
Coastal Scrub

State/ Location
Georgia/ Decatur County
Georgia/ Decatur County
South Carolina c
South Carolina c
Florida/ Sanibel Island
Florida/ Sanibel Island
Florida/ Lochloosa WMA
Florida/ Lochloosa WMA
Florida/ Lochloosa WMA
Florida/ Lochloosa WMA
Florida
Florida/ University of North Florida
Florida/ Katharine Ordway Preserve
Florida/ Katharine Ordway Preserve
Florida/ Kennedy Space Center
Florida/ Kennedy Space Center
Georgia/ Ichauway
Georgia/ Ichauway
Georgia/ Ft. Stewart Army Reserve
Florida/ Kennedy Space Center

Table 3.1 (continued)

Study
Yager et al. 2007
Yager et al. 2007
Yager et al. 2007
Yager et al. 2007
Beauman 2008
Beauman 2008

Sex
Male
Female
Male
Female
Adult
Adult

n
11
9
9
11
5
9

Home
Range
(100%
MCP;
ha)
1.95
1.07
1.30
1.90
0.96
0.36

Riedl et al. 2008

Male

3

0.08A

Riedl et al. 2008

Female

10

0.34A

Lau 2011

Male

9

0.32

0.13 - 0.63

Beach Dunes

Lau 2011

Female

0.42

0.01 - 2.94
> 0.01 15.90

Beach Dunes

Florida/ Brooker Creek Buffer Tract
Florida/ Guana Tolomato Matanzas
NERR
Florida/ Guana Tolomato Matanzas
NERR

Varies by Site

6 Sites; 2 in GA, 3 in AL; and 1 in MS

3.60
0.80

> 0.01 - 8.40
0.10 - 14.50
0.00 - 3.50

Varies by Site
Sandhill
Sandhill

6 Sites; 2 in GA, 3 in AL; and 1 in MS
Georgia/ Telfair and Burke Counties
Georgia/ Telfair and Burke Counties

MCP Range
0.63 - 4.89
0.11 - 2.46
0.71 - 2.43
0.21 - 7.65
0.03 - 2.61
0.04 - 1.03

Habitat Type
Burned Planted Pine
Burned Planted Pine
Unburned Planted Pine
Unburned Planted Pine
Planted Pine
Planted Pine
Old Field/ Oak
Hammock
Old Field/ Oak
Hammock

State/ Location
Mississippi/ Camp Shelby JFTC
Mississippi/ Camp Shelby JFTC
Mississippi/ Camp Shelby JFTC
Mississippi/ Camp Shelby JFTC
Georgia/ Fort Benning
Georgia/ Fort Benning
Florida/ Brooker Creek Buffer Tract

Guyer et al. 2012

Male

Guyer et al. 2012
Bauder et al. 2014
Bauder et al. 2014
McGuire et al.
2014
McGuire et al.
2014

Female
Male
Female

11
15
2
13
3
8
7

Male

16

1.87B

0.11 - 5.47

Longleaf Pine

Georgia/ Ichauway

Female

14

0.8B

0.07 - 2.54

Longleaf Pine

Georgia/ Ichauway
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Table 3.1 (continued)

Study
Castellón et al.
2018
Castellón et al.
2018
Castellón et al.
2018
Castellón et al.
2018
Paden 2018
Paden 2018
Rautsaw et al. 2018
Rautsaw et al. 2018
Rautsaw et al. 2018
Rautsaw et al. 2018
This Study
This Study
This Study
This Study

Sex

n

Home
Range
(100%
MCP;
ha)

Male

12

6.57

0.49 - 45.92

Flatwoods

Florida/ Avon Park Air Force Range

Female

11

0.98

0.24 - 1.85

Flatwoods

Florida/ Avon Park Air Force Range

Male

10

3.20

1.62 - 6.41

Scrub

Florida/ Avon Park Air Force Range

Female
Male
Female
Male
Female
Male
Female
Male
Female
Male
Female

12
9
9
10
12
6
4
5
3
3
4

1.24
2.90
0.74
1.03
1.20
2.49
1.02
1.52
3.12
0.84
0.28

0.05 - 5.57
0.18 - 15.34
0.06 - 1.62
0.01 - 5.79
0.02 - 7.63
0.09 - 9.83
1.02 - 2.26
0.31 - 5.35
0.01 - 7.98
0.08 - 1.57
0.10 - 0.61

Scrub
Upland Longleaf Pine
Upland Longleaf Pine
Roadsides
Roadsides
Coastal Strand
Coastal Strand
Planted Pine
Planted Pine
Planted Pine
Planted Pine

Florida/ Avon Park Air Force Range
Georgia/ Penholoway Swamp WMA
Georgia/ Penholoway Swamp WMA
Florida/ Kennedy Space Center
Florida/ Kennedy Space Center
Florida/ Kennedy Space Center
Florida/ Kennedy Space Center
Louisiana/ Washington Parish
Louisiana/ Washington Parish
Mississippi/ Perry County
Mississippi/ Perry County

MCP Range

Habitat Type

State/ Location

Mean and range 100 % minimum convex polygon (MCP) home range sizes reported in previous studies of gopher tortoise (Gopherus
polyphemus). This table omits the home range of individuals that may have had their home range altered due to experimentation, so
only control and non-translocated individuals are included. A indicates that median instead of mean home range was reported. B
indicates that 95 % MCP instead of 100 % MCP was reported. C Data taken from Pike 2006, and was missing habitat type information.
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Table 3.2

Burrow use, movement, and home range information for radiotransmittered gopher tortoises at both sites

Site

ID

Sex

Months
Tracked

BC

3
6
23
201
219
74
202
203
204
211
20
73
77
93
7
70
72
75
87

Female
Female
Female
Female
Female
Male
Male
Male
Male
Male
Female
Female
Female
Female
Male
Male
Male
Male
Male

0
13
11
13
11
13
13
4
12
13
12
12
12
1
12
0.5
12
3
2

PCGTMU

Total
Fixes

GPS
Daily
Fix
Rate
(%)

1
371
3
15
14
421
294
8
21
28
263
9
718
283
667
3
698
3
14

NA
55.21
NA
NA
NA
83.04
55.16
NA
NA
NA
91.96
NA
89.08
98.95
86.96
NA
95.88
NA
NA

Burrows
Used
1
8
3
1
3
5
7
5
9
11
5
3
4
3
7
2
8
2
3

Confirmed
Movements

Mean
Distance
Moved
(m;
VHF)

NA
6
2
1
2
14
13
5
14
26
4
5
5
2
9
1
12
1
2

NA
99.49
314.31
3044.47
488.42
98.23
57.89
217.97
212.54
90.01
94.11
59.99
37.69
63.46
91.78
7.66
114.49
417.60
88.46

Range (m;
VHF)

100%
MCP
(VHF;
ha)

95%
MCP
(ha)

50%
MCP
(ha)

95%
UD
(ha)

50%
UD
(ha)

NA
26.38 - 213.25
255.61 - 373.00
3044.47
284.03 - 692.82
51.80 - 184.87
16.08 - 129.88
138.85 - 326.96
21.75 - 847.79
7.68 - 253.36
25.41 - 202.53
41.92 - 87.10
19.27 - 59.40
13.47 - 113.45
44.55 - 139.72
7.66
20.96 - 234.38
417.60
64.88 - 112.04

NA
1.39
NA
< 0.01
7.98
0.61
0.50
0.31
5.35
0.82
0.61
0.10
0.13
NA
0.86
NA
1.57
NA
0.08

NA
0.78
NA
< 0.01
0.15
2.21
2.29
0.10
4.41
0.80
0.20
0.09
0.88
0.20
2.45
NA
3.31
NA
0.03

NA
0.07
NA
< 0.01
< 0.01
0.77
0.72
0.02
0.55
0.17
0.02
0.02
0.12
0.01
0.20
NA
1.34
NA
< 0.01

NA
1.15
NA
NA
NA
2.33
3.59
NA
NA
NA
0.23
NA
1.09
0.23
2.40
NA
3.95
NA
NA

NA
0.10
NA
NA
NA
0.33
0.52
NA
NA
NA
0.02
NA
0.11
0.02
0.19
NA
0.83
NA
NA

Burrow use, movement, and home range information for the 19 gopher tortoises (Gopherus polyphemus) radiotransmittered (VHF)
individuals at Ben’s Creek (BC) in Washington Parish, LA and Perry County Gopher Tortoise Management Unit (PCGTMU) in Perry
County, MS. Radiotransmitters on individuals 3, 23, 70, and 75 failed within the first field season. Therefore, home range sizes could
not be calculated due to a low number of fixes (< 5).
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Table 3.3

Mean minimum convex polygon home range sizes for radiotransmittered gopher tortoises at both sites

100% MCP
Range 100%
95% MCP Range 95% 50% MCP Range 50%
Sex
n
Fixes
(VHF; ha) MCP (VHF; ha)
(ha)
MCP (ha)
(ha)
MCP (ha)
Male
5 154.40 1.52 ± 2.15
0.31 - 5.35
1.96 ± 1.66
0.10 - 4.41
0.44 ± 0.33
0.02 - 0.77
Female
3 133.33 3.12 ± 4.26
< 0.01 - 7.98
0.31 ± 0.41 < 0.01 - 0.78 0.03 ± 0.04 < 0.01 - 0.07
Overall
8 146.50 2.12 ± 2.92
< 0.01 - 7.98
1.34 ± 1.53 < 0.01 - 4.41 0.29 ± 0.33 < 0.01 - 0.77
PCGTMU Male
3 459.67 0.84 ± 0.74
0.08 - 1.57
1.93 ± 1.70
0.03 - 3.31
0.51 ± 0.72 < 0.01 - 1.34
Female
4 318.25 0.28 ± 0.28
0.10 - 0.61
0.34 ± 0.36
0.09 - 0.88
0.04 ± 0.05
0.01 - 0.12
Overall
7 378.86 0.56 ± 0.59
0.08 - 1.57
1.02 ± 1.32
0.03 - 3.31
0.24 ± 0.49 < 0.01 - 1.34
1.95  1.55
0.47  0.46 < 0.01 - 1.34
Both Sites Male
8 268.88 1.26 ± 1.71
0.08 - 1.57
0.03 - 4.41
Female
0.33  0.35 < 0.01 - 0.88 0.03  0.04 < 0.01 - 0.12
7 239.00 1.70 ± 3.12
< 0.01 - 7.98
Overall 15 254.93 1.45 ± 2.32
< 0.01 - 7.98
1.19 ± 1.40 < 0.01 - 4.41 0.27 ± 0.40 < 0.01 - 1.34
Mean (mean  standard deviation) and ranges of home range sizes using minimum convex polygon (MCP) estimation for male and
female gopher tortoises (Gopherus polyphemus) at Ben’s Creek (BC) in Washington Parish, LA and Perry County Gopher Tortoise
Management Unit (PCGTMU) in Perry County, MS. Data used in these estimation included fixes from radiotransmitters (VHF) and
GPS data loggers with the exception of the 100 % MCP which was calculated from VHF data only to be comparable to previous
studies. The 100 % MCP calculation also has one less tortoise used (a female from PCGTMU with too few VHF fixes to calculate an
MCP home range).
Site
BC
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Table 3.4

Mean kernel density utility distributions for radiotransmittered gopher tortoises at
both sites

95% UD
Range 95% 50% UD Range 50%
Site
Sex
n Fixes
(ha)
UD (ha)
(ha)
UD (ha)
BC
Male 2 357.50 2.96 ± 0.89
2.33 - 3.58 0.43 ± 0.13 0.33 - 0.52
Female 1 371.00
1.15
1.15
0.10
0.10
Overall 3 362.00 2.35 ± 1.22
1.15 - 3.58 0.32 ± 0.21 0.10 - 0.52
PCGTMU Male 2 682.50 3.18 ±1.09
2.40 - 3.95 0.51 ± 0.45 0.19 - 0.83
Female 3 421.33 0.52 ± 0.50
0.23 - 1.09 0.05 ± 0.05 0.02 - 0.11
Overall 5 525.80 1.58 ± 1.60
0.23 - 3.95 0.23 ± 0.34 0.02 - 0.83
Both Sites
Male 4 520.00 3.07  0.82
2.33 - 3.95 0.47  0.28 0.19 - 0.83
Female 4 408.75 0.67  0.51
0.23 - 1.15 0.06  0.05 0.02 - 0.11
Overall 8 464.38 1.87 ± 1.43
0.23 - 3.95 0.27 ± 0.28 0.02 - 0.83
Mean (mean  standard deviation) and ranges of gopher tortoise (Gopherus polyphemus) home
range sizes using kernel density utility distributions (UD) estimation at Ben’s Creek (BC) in
Washington Parish, LA and Perry County Gopher Tortoise Management Unit (PCGTMU) in
Perry County, MS.
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Table 3.5

Mean number of burrows used, confirmed movements, and movement distance for radiotransmittered gopher tortoises at
both sites

Range
Range
Range
Burrows
Burrows Confirmed Confirmed
Distance Per
Distance Per
Site
Sex
n Fixes
Used
Used
Movements Movements Movement (m) Movement (m)
Male
BC
5
13.67
7±3
5 - 11
14 ± 7
5 - 26
135.33 ± 74.53
7.68 - 847.79
Female 3
22.20
3±3
1-8
3±2
1-6
300.74 ± 194.82 26.38 - 3044.47
Overall 8 19.00
5±3
1 - 11
9±8
1 - 26
197.36 ± 146.11 7.68 - 3044.47
PCGTMU Male
5
9.75
4±3
2-8
5±5
1 - 12
144.00 ± 158.21
7.66 - 417.60
Female 4
11
4±1
3-5
4±1
2-5
63.81 ± 23.20
13.47 - 202.53
Overall 9
11.78
4±2
2-8
5±4
1 - 12
108.36 ± 120.43
7.66 - 417.60
Male 10 17.30
Both Sites
6±3
2 - 11
10 ± 8
1 - 26
139.66 ± 116.68
7.68 - 847.79
Female 7
12.14
4±2
1-8
4±2
2-6
165.35 ± 170.17 13.47 - 3044.47
Overall 17 15.18
5±3
1 - 11
7±7
1 - 26
150.24 ± 136.70 7.66 - 3044.47
Mean (mean  standard deviation) number of burrows used, confirmed movements, and movement distance for radiotransmittered
male and female gopher tortoises (Gopherus polyphemus) at Ben’s Creek (BC) in Washington Parish, LA and Perry County Gopher
Tortoise Management Unit (PCGTMU) in Perry County, MS. No fixes from GPS data loggers were used in these calculations. The
longest movement of 3044.47 m by a female tortoise at BC was not used to calculate means or standard deviations because it was a
large outlier movement off of the study site.
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Table 3.6

Mean displacement distance between gopher tortoise recaptures at both sites

Distance Between
Maximum
Sex
n
Captures (m)
Distance (m)
Male
13
105.69 ± 103.46
385.28
Female
11
197.95 ± 213.87
692.82
Overall
24
147.98 ± 166.36
692.82
PCGTMU
Male
11
63.06 ± 38.77
124.99
Female
5
48.03 ± 52.28
126.06
Juvenile
2
2.44 ± 3.45
4.88
Overall
18
52.15 ± 43.60
126.06
86  82
Both Sites
Male
24
385.28
151  191
Female
16
692.82
Juvenile
2
2.44 ± 3.45
4.88
Overall
42
106.91 ± 136.45
692.82
Mean displacement (mean  standard deviation) of males and female gopher tortoise (Gopherus
polyphemus) between recaptures at Ben’s Creek (BC) in Washington Parish, LA and Perry
County Gopher Tortoise Management Unit (PCGTMU) in Perry County, MS during surveys in
2017 and 2018. The data presented is only from recapture data and does not include data from
radiotransmitter fixes.
Site
BC
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Table 3.7

Mean displacement distance since 2014 for recaptured gopher tortoise at Perry
County Gopher Tortoise Management Unit

Distance Between
Sex
n
Captures (m)
Range (m)
Male
9
79.95 ± 41.32
4.19 - 177.30
Female
4
155.59 ± 34.38
71.93 - 213.53
Overall
13
103.22 ± 68.76
4.19 - 213.53
Mean displacement (mean  standard deviation) of males and female gopher tortoise (Gopherus
polyphemus) between recaptures in 2014 till first capture during the duration of this study (20172018) at Perry County Gopher Tortoise Management Unit (PCGTMU) in Perry County, MS.
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Figures

VHF Transmitter

Figure 3.1

GPS Data Logger

Telemetered gopher tortoise (Gopherus polyphemus) with a VHF radiotransmitter
and a modified GPS data logger attached.
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Figure 3.2

Gopher tortoise minimum convex polygon home ranges and movement trajectories
at Ben’s Creek

Minimum convex polygon (MCP) home ranges and movement trajectories for each
radiotransmittered gopher tortoise (Gopherus polyphemus) at Ben’s Creek in Washington Parish,
LA. Data used in these estimations included fixes from radiotransmitter checks (VHF) and GPS
data loggers.
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Figure 3.3

Gopher tortoise minimum convex polygon home ranges and movement trajectories
at Perry County Gopher Tortoise Management Unit

Minimum convex polygon (MCP) home ranges and movement trajectories for each
radiotransmittered gopher tortoise (Gopherus polyphemus) at Perry County Gopher Tortoise
Management Unit in Perry County, MS. Data used in these estimations included fixes from
radiotransmitter checks (VHF) and GPS data loggers.
101

Figure 3.4

Gopher tortoise kernel density utility distributions and movement trajectories at
Ben’s Creek

Kernel density utility distributions (UD) and movement trajectories for the three gopher tortoise
(Gopherus polyphemus) with GPS data loggers at Ben’s Creek in Washington Parish, LA. Data
used in these estimations included fixes from radiotransmitter checks (VHF) and GPS data
loggers.
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Figure 3.5

Gopher tortoise kernel density utility distributions and movement trajectories at
Perry County Gopher Tortoise Management Unit

Kernel density utility distributions (UD) and movement trajectories for the five gopher tortoise
(Gopherus polyphemus) with GPS data loggers at Perry County Gopher Tortoise Management
Unit in Perry County, MS. Data used in these estimations included fixes from radiotransmitter
checks (VHF) and GPS data loggers.
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Home Range Sizes by Sex and Site
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Figure 3.6

BC Female

BC Male

BC Female

PCGTMU Male PCGTMU Female

50% UD

Comparison of home range estimates of radiotransmittered gopher tortoises by sex
and site

Box and whisker plots comparing mean (dark line), 1st quantile (box), 2nd quantile (lines), and
outliers (dots) for the home range estimates of radiotransmittered gopher tortoises (Gopherus
polyphemus). Data used in these estimations included fixes from radiotransmitter checks and
GPS data loggers. Minimum convex polygon (MCP) estimates included data from 8 individuals
(5 males and 3 females) at Ben’s Creek (BC) in Washington Parish, LA and 7 individuals (3
males and 4 females) at Perry County Gopher Tortoise Management Unit (PCGTMU) in Perry
County, MS. Kernel density utility distributions (UD) included data from 3 individuals (2 males
and 1 female) at BC and 5 individuals (2 males and 3 females) at PCGTMU. Male home range
size was larger than female home range size for each home range estimator except 50 % UD that
was similar for male and female: 95 % MCP, p-value = 0.02; 50 % MCP, p-value = 0.03; 95 %
UD, p-value = 0.004; 50 % UD, p-value = 0.06. Home range estimates were not different by site
for any of the home range estimators: 95 % MCP, p-value = 0.67; 50 % MCP, p-value = 0.68; 95
% UD, p-value = 0.47; 50 % UD, p-value = 0.58).

104

Number of Confirmed Movements by Sex and Site
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Figure 3.7

Comparison of number of confirmed movements of radiotransmittered gopher
tortoise by sex and site

Box and whisker plots comparing mean (dark line), 1st quantile (box), 2nd quantile (lines), and
outliers (dots) for the number of confirmed movements by radiotransmittered gopher tortoise
(Gopherus polyphemus) at Ben’s Creek (BC) in Washington Parish, LA and Perry County
Gopher Tortoise Management Unit (PCGTMU) in Perry County, MS. Fixes from GPS data
loggers were not used in these calculations. The number of confirmed movements was larger for
males than females (p-value = 0.04) but not different between sites (p-value = 0.10).
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Mean Distance Per Movement by Sex and Site
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Figure 3.8

Comparison of mean distance per confirmed movement by radiotransmittered
gopher tortoise by sex and site

Box and whisker plots comparing mean (dark line), 1st quantile (box), 2nd quantile (lines), and
outliers (dots) for the distance per movement by radiotransmittered gopher tortoise (Gopherus
polyphemus) at Ben’s Creek (BC) in Washington Parish, LA and Perry County Gopher Tortoise
Management Unit (PCGTMU) in Perry County, MS. Fixes from GPS data loggers were not used
in these calculations. The mean distance per movement was not different between sexes (p-value
= 0.79) or sites (p-value = 0.09).
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Number of Unique Burrows Used by Sex and Site
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Figure 3.9

Comparison of number of unique burrow used by radiotransmittered gopher
tortoise by sex and site

Box and whisker plots comparing mean (dark line), 1st quantile (box), 2nd quantile (lines), and
outliers (dots) for the number of unique burrows used by radiotransmittered gopher tortoise
(Gopherus polyphemus) at Ben’s Creek (BC) in Washington Parish, LA and Perry County
Gopher Tortoise Management Unit (PCGTMU) in Perry County, MS. Fixes from GPS data
loggers were not used in these calculations. The number of unique burrows used was not
different between sexes (p-value = 0.16) or for site (p-value = 0.09).
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Displacement Distance between Captures by Sex and Site
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Figure 3.10

Comparison of displacement distance between tortoise captured in 2017 and 2018
by age group, sex, and site

Box and whisker plots comparing mean (dark line), 1st quantile (box), 2nd quantile (lines), and
outliers (dots) for the displacement of gopher tortoise (Gopherus polyphemus) by sex and age
class between captures at Ben’s Creek (BC) in Washington Parish, LA and Perry County Gopher
Tortoise Management Unit (PCGTMU) in Perry County, MS during surveys in 2017 and 2018.
Displacement distance at BC was larger than PCGTMU (p-value = 0.02); however, it was not
different for sex (p-value = 0.49).
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Displacement Distance since 2014 by Sex
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Figure 3.11

Comparison of displacement distance since 2014 for recaptured tortoises at Perry
County Gopher Tortoise Management Unit

Box and whisker plots comparing mean (dark line), 1st quantile (box), and 2nd quantile (lines)
for the displacement of males and female gopher tortoise (Gopherus polyphemus) between
captures in 2014 till first capture during the duration of this study (either 2017 or 2018) at Perry
County Gopher Tortoise Management Unit in Perry County, MS. Displacement distance was not
different between sexes (p-value = 0.09).
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HABITAT ASSOCIATIONS AND DENSITIES OF TWO GOPHER TORTOISE (GOPHERUS
POLYPHEMUS) POPULATIONS WITHIN PRIVATE, WORKING FOREST LANDSCAPES
IN LOUSIANA AND MISSISSIPPI
Abstract
The gopher tortoise (Gopherus polyphemus; hereinafter, tortoise), a keystone species in
southern pine (Pinus spp.) ecosystems, is listed as threatened under the Endangered Species Act
in the western portion of its range. Across the species’ range, approximately 70 % of lands that
can support tortoises are privately owned. These properties are often managed primarily for
timber production. However, tortoise ecology on these private working forest landscapes remain
poorly understood. To provide a better understanding of tortoise densities and habitat selection
within the threatened portion of the range, I used line transect distance sampling (LTDS) burrow
surveys and mark-recapture surveys of two tortoise populations on private, working forest
landscapes, each with different management regimes and soils: the former Ben’s Creek Wildlife
Management Area (BC) in Washington Parish, Louisiana and the Perry County Gopher Tortoise
Management Unit (PCGTMU) in Perry County, Mississippi. Distance sampling analysis of
LTDS burrow surveys predicted a population density of 0.07 (95 % confidence intervals (CI)
0.03 – 0.19) tortoise burrow per ha in surveyed stands at BC and 1.03 (95 % CI = 0.58 – 1.91)
tortoise burrow per ha at PCGTMU. However, these estimates of tortoise density were based on
predictions of burrow abundance and site-specific correction factors. As an alternative to
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estimates of tortoise abundance based on site-specific correction factors, I suggest alternate
methods such as mark-recapture models to estimate tortoise population densities for low-density
populations where the direct modeling of tortoise abundance may not be possible due to low
sample sizes. At BC, distance sampling models indicated that tortoise burrow abundance was
positively correlated with an increase in percent sand composition (0.19 ± 0.10 [mean ± SE],
95% CI = 0.00 – 0.37) and negatively correlated with an increase in pine basal area (-0.27 ±
0.09, 95% CI = -0.44 – -0.10 for pine basal area, but no significant effects were observed for
hardwood basal area (-5.32 ± 6.26, 95% CI = -17.60 – 6.96) and vertical vegetation structure (0.28 ± 0.32, 95% CI = -0.91 – 0.35). However, at PCGTMU, tortoise abundance was positively
correlated with an increase in basal area (0.24 ± 0.06, 95% CI = 0.12 – 0.35 for pine basal area
and vertical vegetation structure (0.63 ± 0.18, 95% CI = 0.28 – 0.98), but no effects observed for
hardwood basal area (0.17 ± 0.25, 95% CI = -0.32 – 0.66). Tortoise burrows at PCGTMU were
clustered within areas containing deep sandy soil conditions, but this variable was not included
in the analysis for this site. The results at PCGTMU indicated that maintaining a forest mosaic of
differing stand classes and canopy conditions may be beneficial for tortoises if suitable soils are
also found throughout this mosaic.
Introduction
The gopher tortoise (Gopherus polyphemus; hereinafter, tortoise) is a keystone species
and ecosystem engineer in southern pine (Pinus spp.) ecosystems (Kinlaw and Grasmueck 2012,
Catano and Stout 2015). However, tortoise populations are estimated to have declined 80 % over
the last 100 years due to factors such as habitat conversion to agriculture, urbanization, fire
suppression, disease, and human predation and take (Auffenberg and Franz 1982, Catano et al.
2014, Rostal et al. 2014). The United States Fish and Wildlife Service (USFWS) listed tortoise as
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threatened in 1987 under the Endangered Species Act (ESA) in the portion of its range west of
the Tombigbee and Mobile River systems in southwestern Alabama and throughout the species’
range in Mississippi and Louisiana (USFWS 1990, Rostal et al. 2014). Moreover, tortoises are
currently a candidate species for federal listing throughout the remainder of their range and are
state-listed as threatened in Georgia, Florida, and Louisiana, endangered in South Carolina and
Mississippi, and a protected non-game species of conservation concern in Alabama (USFWS
1990, 2012).
Although tortoise populations are often protected and managed for on federally and stateowned lands such as military instillations, national forests, and state wildlife management areas,
most occur on private lands where management regimes often differ from public ownerships
(McCoy et al. 2006, Meyer et al. 2007, Yager et al. 2007, Richter et al. 2011, Wigley et al.
2012). The USFWS Gopher Tortoise Recovery Plan identified 18,594 ha of private lands where
tortoises occur in the listed portion of the species’ range (USFWS 1990). Many of these private
lands are owned and/or managed by forest product companies. Certain management practices
can negatively affect tortoise populations, such as planting regimes that use high basal area
seeding and high basal area stands that cause closed canopy conditions (Lohoefener and
Lohmeier 1981, Jones and Dorr 2004). Conversely, management practices such as midstory
control through prescribed fire, herbicide use, mechanical removal of woody trees and shrubs,
and periodic thinning can improve conditions for tortoises by maintaining an open canopy and an
herbaceous understory (Diemer Berish 1992, Diemer Berish et al. 2012, Jones and Dorr 2004).
Although these management practices may benefit tortoises, more information is needed to
determine how tortoises respond to these management regimes on private, working pine forests
because the effects of this type of forest management is less studied for the species.
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Generally, tortoise populations within the periphery of their range have lower densities
with fewer individuals than what has been observed within the core of the species’ range in
Georgia and Florida (Ennen et al. 2010, Richter et al. 2011). These low-density populations can
make estimating population size difficult. One of the most widely accepted methods of
estimating tortoise population sizes through burrow surveys is the line transect distance sampling
(LTDS) technique where transects are either randomly or systematically distributed across a site
and surveyed by measuring perpendicular distance from the center of the transect to each
detected burrow (Nomani et al. 2008, Smith et al. 2009a, Smith et al. 2009b, Stober and Smith
2010). Line transect distance sampling burrow surveys have the ability to provide relatively
precise estimates of tortoise population sizes and are generally less costly than other survey
techniques, such as a total count surveys (Nomani et al. 2008, Smith et al. 2009a, Styrsky et al.
2010). However, for low-density populations, LTDS burrow surveys have varying success rates
and can provide differing estimates from other population estimation methods or may require an
unrealistic amount of effort to provide precise population estimates (Nomani et al. 2008, Smith et
al. 2009a, Styrsky et al. 2010, Stober and Smith 2010, Stober et al. 2017).
To provide more information on effects of active forest management on tortoise
populations within the federally-listed portion of the species’ range, I conducted LTDS burrow
surveys paired with vegetation surveys to evaluate the habitat association of tortoise with regards
to burrow placement and burrow abundance on two private, working forest sites: the former
Ben’s Creek Wildlife Management area (BC) and the Perry County Gopher Tortoise
Management Unit (PCGTMU). I also conducted mark-recapture surveys of tortoise populations
across both sites to compare population estimates from LTDS burrow surveys to population
estimates and densities provided by mark-recapture models. I predict that tortoise burrows will
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be associated with forest stands containing lower basal area, lower midstory vegetation density,
and higher percent sand content within the soil.
Methods
Study Sites
I collected data at BC in Washington Parish, Louisiana (5,279 ha), and PCGTMU in
Perry County, Mississippi (97 ha) on properties owned and managed by Weyerhaeuser Company
(Figure 1.1). Both properties were dominated by loblolly pine (Pinus taeda), longleaf pine (P.
palustris), and slash pine (P. elliottii) planted in even-aged stands with stands of different age
classes interspersed across the landscape. Other cover types on these sites included hardwood
stands that were primarily along streams, rights-of-way, roads, and other open areas (see Chapter
1).
I categorized soil data from the soil geographic database (SSURGO) based on USFWS
ranks of tortoise soil suitability by state across each site (USFWS 2005, Soil Survey Staff 2017).
At BC, the Latonia soil series was ranked as highly suitable; Ruston, Smithdale, and Cahaba soil
series were ranked as less suitable; Angie and Prentiss soil series were ranked as marginally
suitable; and Savanah, Myatt, Ouachita, Bibb, Jena, and Stough soil series were ranked as
unsuitable (Figure 2.1; USFWS 2005). At PCGTMU, Wadley soil series was ranked highly
suitable, Smithdale and McLaurin soil series was ranked as less suitable, and Bibb soil series was
ranked as unsuitable (Figure 2.2; USFWS 2005).
Line Transect Distance Sampling Tortoise Burrow Surveys
At both sites from June to August 2017, I conducted a preliminary survey for tortoise
burrows in areas previously reported as occupied (Figure 4.1, Figure 4.2; Landry 2015, Sloan
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2015). Beginning in May 2018, I conducted modified LTDS surveys to provide estimates of
tortoise burrow densities (burrows/ha). For the LTDS surveys, I surveyed stands if they
contained evidence of recent or potential tortoise activity during the preliminary surveys or if
tortoise-specific habitat management was planned for the stand (Figure 4.3, Figure 4.4). I did not
survey drainages and flood zones contained within streamside management zones. Therefore, I
surveyed forest stands that were assumed to contain suitable tortoise habitat. Most of the
PCGTMU field site was surveyed (Figure 4.4). However, only approximately 442 ha at the BC
field site was surveyed (Figure 4.3).
The LTDS sampling method does not assume that detectability is equal among sites or
individual transects, so it creates an estimate of detectability for each transect by taking
measurements from the center line of the transect to each burrow detected which allows for a less
biased estimate of tortoise density (Smith et al. 2009a, Smith 2009b). Unlike other burrow
survey techniques such as a total count survey, LTDS also provide estimates of detection
probability, precision, and confidence intervals that allow for more statistical power in
hypothesis testing (Nomani et al. 2008, Smith et al. 2009a, Stober and Smith 2010).
To implement the LTDS sampling design, I created a staggered grid with transects
separated by 100 m north to south and 200 m east to west across both sites within ArcMap
(version 10.3; ESRI 2014). This systematic design allowed for an even coverage of each site to
capture the spatial heterogeneity of burrows (Stober et al. 2017). I placed each transect within
this grid so that individual transects were 200 m long and separated by at least 200 m from
another transect to ensure no burrow was detected multiple times by different transects and to
allow for a larger area of each site to be surveyed (Figure 4.3, Figure 4.4).
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I sampled transects using two observers. The primary observer walked the centerline of
the transect, and the secondary observer walked between the center of the transect and outward
from transect on both sides looking for burrows but remained within approximately 20 m of the
transect to prevent detecting burrows that could not be seen from the transect. When a burrow
was detected along a transect, I measured perpendicular distance (m) from the center of the
transect to the burrow entrance using a meter tape. I also measured the width (cm) of the burrow
entrance at approximately 50 cm depth within the burrow opening and as far as possible (up to
50 cm) for small immature-sized burrows, and I classified the burrow as immature (< 15 cm) or
adult (> 15 cm; Sloan 2015). This measurement provided an estimate of population structure as
burrow width is highly correlated with tortoise straight-line carapace length (Wilson et al. 1991,
Mushinsky et al. 2006, Smith et al. 2009b). Measurements of burrow width can be biased toward
larger/older individuals as they reflect size of the largest individual who used the burrow and
smaller adult tortoise will use burrows of larger individuals. However, generally, large burrows
are occupied primarily by adult tortoises except in the case of some hatchling tortoise that may
dig small starter burrows within an adult burrow (Wilson et al. 1991, Mushinsky et al. 2006). I
marked burrows with flagging tape, recorded location and a unique burrow number in a handheld
Garmin GPS unit (Garmin Ltd., Olathe, Kansas), and classified them by activity status.
Regardless of burrow size or potential size of the tortoise within, I used four classifications for
burrow activity (Figure 2.3; Carthy et al. 2005, Diemer Berish et al. 2012, Sloan 2015):
1. Active – burrow with fresh soil on the apron from recent digging and/or evidence of
tracks and slides from a tortoise entering the burrow.
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2. Possibly Active – burrow appeared to be active but cause and level of activity was
difficult to determine at time of detection due to factors like potential use of burrow by
another animal or recent rain.
3. Inactive – burrow that still contains an oval appearance (is not collapsed) but did not
contain fresh soil or any other signs of a tortoise recently entering the burrow.
4. Old/Abandoned – burrow that was collapsed, filled with soil or vegetation, misshapen by
other animals (e.g., nine-banded armadillo, Dasypus novemcinctus), and/or otherwise
shows no evidence of potential tortoise use. Note that while an abandoned burrow was
not currently categorized as usable by a tortoise, this status was not an indication that a
tortoise would be unable to reopen and reoccupy the burrow.
For distance sampling analysis, I combined burrows classified as active, possibly active,
or inactive into a single category of usable burrows and removed old/abandoned burrows from
these datasets. Tortoise burrows may remain for years after they are no longer used; therefore,
old/abandoned burrows may not represent the vegetative conditions present when the burrow
was constructed (Goodman et al. 2018, Aresco and Guyer 1999).
I determined occupancy of active, possibly active, and inactive burrows by scoping
burrows with a burrow camera system (Environmental Management Services, Canton, GA). This
camera system consisted of a video display attached to flexible conduit with a lighted camera
mounted on the end that I inserted into a burrow entrance to assess occupancy. If I was unable to
reach the end of a burrow with the camera or if a burrow was not scoped, I listed burrow
occupancy as unknown. I did not determine occupancy of immature burrows because they were
too small to be scoped by the camera system. To measure burrow length (m), I marked the
burrow scope in 0.5 m intervals and measured from the burrow entrance to the furthest point
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within the burrow reached. I also noted occurrences of other vertebrate species within burrows
and tracks and sign on burrow aprons.
Vegetation Sampling and Remote Sensed Data
Along the same 200 m transects as the LTDS burrow surveys, I sampled vegetation at
four points approximately 50 m apart and 15 m from the centerline of the transect which served
as the center of a 15 m radius plot (Figure 4.5). At each sampling plot, I measured vegetation
parameters including overhead percent cover, percent understory cover, basal area (m2/ha), and
vertical vegetation structure (Table 4.1). I measured overhead percent cover with a convex
spherical densiometer (Lemmon 1956) at the center of the vegetation plot and recorded two
values: midstory (< 10 m) percent cover and canopy (> 10 m) percent cover. I also recorded
midstory and canopy cover type (hardwood, pine, mixed, or none). At the center point, I
recorded the percent of four ground cover types (bare, herbaceous, woody, and woody/logging
debris) within an approximate 1 m diameter circle. I determined basal area within the sampling
plot by measuring diameter at breast height (cm; DBH) of all trees greater than 10 cm DBH
within the sampling plot. I recorded tree species and DBH and calculated total basal area (m2/ha)
basal area, basal area of hardwoods, and basal area of pines within the sampling circle. I
measured vertical vegetation structure using a Nudd’s board divided into six sections of 0.5 m
length (Nudd 1977). I placed the board 15 m from the center of the sampling point in the four
cardinal directions visually estimated percentage of each section covered by vegetation. I
averaged the values of percent cover for each board section within a sampling plot.
To classify the abiotic components of gopher tortoise habitat, I used the topographic
variables of elevation, aspect, and slope and the soil variables of percent composition of soil type
(sand, silt, and clay) within the 1 m and 3 m soil depth and drainage conductivity (Kowal et al.
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2014). I calculated topographic variables in ArcMap (version 10.3.1; ESRI 2014) from a 30 m
national elevation dataset (NED; United States Geological Survey 2009). I calculated soil
composition and drainage conductivity using the Soil Data Viewer extension (version 6.2) in
ArcMap from SSURGO data (Soil Survey Staff 2015, Soil Survey Staff 2017).
To remotely quantify vegetation structure across each site, I calculated normalized
difference vegetation index (NDVI) from aerial imagery. While NDVI is a measure of vegetative
health, it can be used as a proxy for vegetative density and structure because vegetative types and
bare ground reflect light at varying wavelengths (Kowal et al. 2014). NDVI has been shown to
correlate with vegetation structure in previous tortoise habitat suitability models (Kowal et al.
2014, Hepinstall-Cymerman et al. 2017).
I calculated NDVI from Sentinel-2A Multi Spectral Instrument data (European Space
Agency 2015). I downloaded all Sentinel-2A products with cloud cover less than 20 % for two
time periods: winter (December 21, 2017 to March 20, 2018) and summer (June 21, 2018 to
September 23, 2018). For both sites, I downloaded aerial imagery for the dates of January 3,
January 23, March 4, and March 14 for winter and July 12, July 22, and September 20 for
summer. I preprocessed this imagery to remove atmospheric correlation using the Sen2Cor
processor (version 2.8.0) in the Sentinel Application Platform (SNAP; version 7.0). I calculated
NDVI from the atmospherically correlated imagery using the NDVI processor (version 1.3)
within SNAP. I calculated three measures of NDVI for each site: a winter maximum NDVI, a
summer maximum NDVI, and a deciduous index (Kowal et al. 2014, Hepinstall-Cymerman et al.
2017). For the winter and summer maximum NDVI, I used the raster package (version 2.8-13) in
R (version 3.6.2) to mosaic together the NDVI data for winter and summer to calculate the
maximum NDVI score for both winter and summer (Hepinstall-Cymerman et al. 2017, R core
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team 2019, Hijmans 2019). I calculated a deciduous index by subtracting the summer maximum
NDVI by the winter maximum NDVI (Kowal et al. 2014). The deciduous index provides an
estimate of deciduous tree cover because many deciduous trees lose their leaves and reflect light
at different wavelengths during the winter (Kowal et al. 2014, Hepinstall-Cymerman et al. 2017).
For analysis purposes, I resampled all variables taken from remote sensed datasets to
contain the same spatial extent and scale (30 m pixel size). For variables taken from the
SSURGO dataset, I transformed the data from vector to raster datasets and resampled the
resulting raster datasets to the same spatial extent of the other datasets.
Tortoise Trapping and Processing
When I confirmed that a burrow was occupied by a tortoise using the camera system or I
observed signs of recent activity, I set a TomahawkTM brand wire live trap (Tomahawk Live
Trap, Hazelhurst, WI) or a flap trap (Enge et al. 2012) at the burrow to attempt capture. I
checked traps at least three times daily (morning, midday, and evening) to reduce trap stress on
captured tortoises. I trapped each potentially occupied burrow until the tortoise was captured or
until the trapping session ended. For the purpose of this study, I define trapping session as the
length of time traps were set on a given site with multiple trapping sessions occurring at each site
within each year. I also opportunistically captured tortoises by hand when I found them moving
outside of burrows.
I processed captured tortoise by sexing, taking measurements, classifying age (juvenile,
subadult, adult), and conducting health screenings for signs of disease and external parasites (see
Chapter 2). I permanently marked newly captured adults and subadults (when possible by size)
following the Cagle (1939) method using a triangular file to notch or a drill to make a small hole
in marginal scutes (USFWS 2017a). I temporarily marked juvenile and small subadult tortoise
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that were too small to permanently mark by painting marginal scutes with fingernail polish to
differentiate individuals between years. I also attached very high frequency radiotransmitters to
19 individuals (10 at BC, 9 at PCGTMU) for movement studies (see Chapter 3). After
processing, I immediately released tortoises into the burrow where they were captured or near
their capture location.
Statistical Analyses
Calculating Site-Specific Correction Factors
Tortoise population sizes based on burrow surveys can be estimated using correction
factors. Affenberg and Franz (1982) developed a correction factor of 0.614 to estimate tortoise
population size based on occupancy status of active and inactive burrows on a site. The
Affenberg and Franz (1982) correction factor has been suggested as a standard correction factor
across the tortoise range, but it has been shown to be biased and often overestimates population
size (Breininger et al. 1991, McCoy and Mushinsky 1992, Carthy et al. 2005, Smith et al.
2009a). Burrow occupancy can be influenced by numerous variables including cover type,
tortoise density, and overall variability among sites. Therefore, estimates of tortoise populations
based on burrow surveys alone should either use site-specific correction factors or use another
method to estimate population size (McCoy and Mushinsky 1992, Carthy et al. 2005, Nomani et
al. 2008, Smith et al. 2009a, Styrsky et al. 2010).
For this study, I used site-specific correction factors. I calculated correction factors based
on the number of usable (active, possibly active, and inactive) burrows with a confirmed
occupancy status (occupied and unoccupied) by dividing the number of occupied burrow by the
total number of burrows confirmed to be occupied or unoccupied (site-specific correction factor
= occupied burrows / (occupied + unoccupied burrows)). I multiplied these site-specific
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correction factors by the total number of usable burrows detected on each site to estimate
population size. I also applied the site-specific correction factors to estimates of burrow
abundance obtained through distance sampling analysis of LTDS burrow surveys to compare
estimates of tortoise density to those provided by Jolly-Seber mark-recapture population models
(see Chapter 2) and spatially explicit capture-recapture models (SECR). To demonstrate the
potential bias of correction factors, I calculated LTDS-specific correction factors from burrows
detected during LTDS alone and similarly applied LTDS-correction factors to estimates of
burrow abundance.
Distance Sampling Analysis
To determine burrow densities on each site and the habitat variables associated with
tortoise burrow presence, I built distance sampling models using the distsamp function of the
unmarked package (version 0.12-3) in R to analyze burrows detected during LTDS (Fiske and
Chandler 2011). For this analysis, I incorporated all useable burrows detected during the LTDS
and built burrow-based distance sampling models instead of tortoise-based models that are
typically used for LTDS analysis (Smith et al. 2009a, Smith et al. 2009b, Stober et al. 2017).
Distance sampling analysis can require many detections. For instance, Smith et al. (2009b)
suggested sample sizes of 60 to 80 tortoise observations for distance sampling analysis.
However, in some cases, sample sizes of 40 or fewer tortoise observations may be adequate
(Smith et al. 2009b). During my LTDS surveys, I did not detect a large enough quantity of
tortoises (occupied burrows) to directly model tortoise density. Therefore, burrow-based distance
sampling models were required.
To fit distance sampling models, I binned detections into 5 m distance intervals from the
center of the transect and right-censored burrow data that fell beyond the distance that contained
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95 % of detections (Smith et al. 2009b). I included detections that were within 20 m and 30 m
from the center of the transect for BC and PCGTMU respectively. I used a half-normal detection
function to fit distance sampling models.
To analyze the vegetative components associated with tortoise burrow presence, I
calculated the mean value of the four vegetation plots along each LTDS transect for each
vegetative variable measured. For variables obtained through remote sensed data, I determined
the value for that component contained within the center of each vegetation plot and similarly
calculated the mean value for each LTDS transect. To determine if any biotic or abiotic variables
were autocorrelated, I calculated pairwise Pearson correlation coefficients for each variable using
the Hmisc package (version 4.1-1) in R (Harrell et al. 2018). I excluded one of the two variables
compared from further analysis when Pearson coefficient was > 0.60.
For the distance sampling analysis, I built models with combination of vegetation and
remote sensed variables based on biological relevance to tortoise. For the occupancy function of
the model, I fit competing models using both vegetative variables and remote sensed variables
that could affect the abundance of burrows with constant variables in the detection function. For
the detection function of the model, I fit competing models using vegetative variables that could
affect the detection of burrows with constant variables in the occupancy function. I then built
final models that combined the top models from both the occupancy function and detection
function. I compared models using Akaike information criteria (AIC). Generally, models within
1 – 2 AIC units of the top model have the most support, models with AIC within 4 – 7 units
have less support, and models with AIC > 10 have little support and can be omitted from
consideration (Burnham and Anderson 2002). Therefore, I considered a model to be competing
based on AIC from the top model, AIC weight, and parsimony. For competing models, I used
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model averaging based on model weights to predict the total number of burrows for each site. I
used the AICcmodavg package (version 2.2-2) to average the beta parameters of competing
models (Mazerolle 2019). I considered model averaged beta parameters to be statistically
significant if 95 % confidence intervals did not cross zero.
Spatially Explicit Mark Recapture Analysis
To provide a direct estimate of tortoise density not based on burrow surveys, I built
SECR models using the secr package (version 4.1.0) in R (Efford 2019). Spatially explicit
capture-recapture models incorporate distance-dependent detection to estimate population
density within an array of detectors over one or more sampling occasions. These models provide
benefits over non-spatial mark-recapture methods; because, they directly model an animal’s
exposure to detectors by determining the scale of movements and the probability of detecting an
animal with a detector placed at the center of its home range (Efford and Mowat 2014). These
methods allow SECR models to overcome edge effects that can be problematic in conventional
non-spatial capture-recapture population estimation (Efford 2019, Efford and Mowat 2014).
For the SECR analysis, I used a single session for each site and split each individual’s
mark-recapture data into two sampling occasions with “occasion 1” for captures that occurred in
2017 and “occasion 2” for captures that occurred in 2018. I also used a count detector type with
the locations where tortoises were captured as detector locations regardless if captures occurred
by hand or within traps. I used a half-normal detection function to fit SECR models.
To determine which variables were associated with tortoise density, I created a 300 m
habitat mask around each detector that contained the remote sensed data. This buffer
approximately represented the overall area I surveyed at each site for tortoise presence.
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Similarly, to the analysis of variables used in the distance sampling analysis, I calculated
pairwise Person correlation coefficients for each remote sensed variable at the capture locations.
For the SECR analysis, I built models with remote sensed variables that had biological
relevance to tortoise. To determine if capture probability (g0) differed between groups (males,
females, and immatures) or capture occasions, I fit finite mixture models with heterogeneity in
each group set as constant (no variables), time, group, and time + group models with constant
density (D) and spatial extent (sigma) functions. To determine which habitat variables affected
tortoise presence, I fit models with the density function using combinations of remote sensed
variables with constant capture probability and spatial extent functions. I then fit finial models by
combining the top models from the capture probability and density models. I compared models
using Akaike information criteria corrected for the number of parameters in each model (AICc)
using a similar approach to my distance sampling analysis. For competing models, I used model
averaging based on model weights to predict tortoise density. If one of the top models contained
a habitat variable within the density function, it was used to create a density surface to predict
tortoise density across the site.
Results
Tortoise Burrow Surveys and Site-Specific Correction Factors
During surveys across both sites, I detected 369 burrows. At BC, I detected 161 burrows,
and classified 80 (50 %) as active, 7 (4 %) as possibly active, 39 (24 %) as inactive, and 35 (22
%) as old/abandoned (Table 4.2, Figure 4.1). Of the 126 usable (active, possibly active, and
inactive) burrows, I confirmed 62 (49 %) to be occupied at least once, 42 (33 %) were
unoccupied, and was unable to confirm occupancy in 22 (17 %; Table 4.2, Figure 4.1). When
considering the 104 usable burrows with confirmed occupancy, I estimated a site-specific
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correction factor of 0.60 tortoise per burrow, yielding an estimated a tortoise population size of
75 individuals for the area surveyed.
At PCGTMU, I detected 208 burrows and classified 138 (66 %) as active, 5 (2 %) as
possibly active, 45 (22 %) as inactive, and 20 (10 %) as old/abandoned (Table 4.2, Figure 4.2).
Of the 188 usable burrows detected, I confirmed 87 (46 %) to be occupied at least once, 26 (14
%) were unoccupied, and was unable to confirm occupancy in 75 (40 %; Table 4.2, Figure 4.2).
When considering the 113 usable burrows with confirmed occupancy, I estimated a site-specific
correction factor of 0.77 tortoise per burrow, yielding an estimated tortoise population size of
144 individuals.
At BC, I classified all but one of the 161 burrows as adult sized. I measured widths of 78
burrows, and mean width was 32.72  6.12 cm (mean  standard deviation; max = 11.68, min =
48.00 cm; Figure 2.5). The mean width of adult burrows was 32.99  5.67 cm (min = 15.75 cm,
max = 48.00 cm). The only immature burrow detected had a width of 11.68 cm. I measured
length for 58 burrows, and mean length was 3.12  1.07 m (min = 0.50 m, max = 6.00 m).
At PCGTMU, I classified 44 of the 208 burrows detected as immature sized. I measured
widths of 104 burrows, and mean width was 27.07  10.76 cm (min = 7.00, max = 63.00 cm;
Figure 2.5). The mean width of adult burrows was 31.67  6.71 cm (min = 17.00 cm, max =
63.00 cm). The mean width of immature burrows was 9.91  1.71 cm (min = 7.00 cm, max =
14.50 cm). I measured length for 62 burrows, and mean length was 4.43  1.66 m (min = 0.50 m,
max > 8.00 m). I recorded burrow length as 8.00 m for any burrows longer than the maximum
length of the burrow scope. Also, I did not scope immature burrows, so immature burrow length
was not measured.
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Commensal Species in Tortoise Burrows
Vertebrate commensal species detected within burrows included: three-lined salamander
(Eurycea guttolineata), gulf coast toad (Incilius valliceps), true frogs (Lithobates [Rana]),
Virginia opossum (Didelphis virginiana), and mice (Cricetidae). Tracks and sign left on burrow
aprons indicated that other species such as armadillo, northern racoon (Procyon lotor), canines,
and birds were also using burrows and/or burrow aprons although they were not detected within
them.
Line Transect Distance Sampling Tortoise Burrow Surveys
I surveyed 74 (52 at BC and 22 at PCGTMU) LTDS transects for a distance of 14.8 km
(10.4 km at BC and 4.4 km at PCGTMU; Figure 4.3, Figure 4.4) and 296 (208 at BC and 88 at
PCGTMU) vegetation plots.
At BC, I detected at least one burrow on 18 transects and occupied burrows on 7
transects. Along the LTDS transects, I detected 39 burrows and classified 20 (51 %) as active, 11
(28 %) as inactive, and 8 (21 %) as old/abandoned (Table 4.3, Figure 4.3). Of the 31 usable
burrows detected, I confirmed 7 (23 %) to be occupied, 21 (68 %) were unoccupied, and was
unable to confirm occupancy in 3 (10 %; Table 4.3, Table 4.3). For burrows detected during
LTDS surveys at BC, I estimated LTDS-specific correction factor of 0.24.
At PCGTMU, I detected at least one burrow on 13 transects and occupied burrows on 10
transects. Along the LTDS transects, I detected 69 burrows and classified 49 (71 %) as active, 14
(20 %) as inactive, and 6 (9 %) as old/abandoned (Table 4.3, Figure 4.4). Of the 63 usable
burrows detected, I confirmed 20 (32 %) to be occupied, 23 (37 %) were unoccupied, and was
unable to confirm occupancy in 20 (32 %; Table 4.3, Figure 4.4). For burrows detected during
LTDS surveys at PCGTMU, I estimated LTDS-specific correction factor of 0.47.
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Vegetation and Remote Sensed Variable Selection
For the vegetation and remote sensed variables measured, Pearson correlation
coefficients indicated that 11 variables were not autocorrelated. Therefore, I included variables
of basal area of pine, basal area of hardwood, understory percent coverage of herbaceous
vegetation, understory percent coverage of woody vegetation, understory percent coverage of
woody debris, vertical vegetation structure at 1 m, elevation, aspect, slope, percent sand
composition within 1 m of the surface, and maximum winter NDVI in the distance sampling
analysis (Table 4.1).
For the mark-recapture data, Pearson correlation coefficients indicated that 5 remote
sensed variables were not autocorrelated. Therefore, I included variables of elevation, aspect,
percent sand composition within 1 m of the surface, maximum winter NDVI, and NDVI
deciduous index in the SECR analysis (Table 4.1).
I selected variables for each analysis based on biological relevance and management
application. For instance, overstory cover was correlated with basal area, so I selected basal area
for the model due to applicability to management scenarios. For the variables selected for the
distance sampling analysis, maximum winter NDVI was positively correlated with basal area and
understory percent composition of woody vegetation and negatively correlated with vertical
vegetation structure, so I only used maximum winter NDVI in models that did not contain
vegetation components to provide a comparison of NDVI as a proxy for vegetative structure. For
PCGTMU, I removed the variable percent sand composition within 1 m of the surface from each
analysis because I determined this variable to not have enough variation across the site (Figure
2.2).
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Tortoise Density from Distance Sampling Models
For the LTDS data at BC, I compared 14 distance sampling models due to convergence
errors with some models. Of these 14 distance sampling models, I determined that four were
competing (Table 4.4). Model averaged results of burrow abundance predict 48 burrows (95 %
confidence intervals (CI) = 25 – 138 burrows) were contained within the surveyed stands at BC.
Using the site-specific correction factor of 0.60 estimated for BC estimated a population size of
29 individuals (95 % CI = 15 – 83 individuals). Because I surveyed approximately 442 ha with
LTDS transects at BC, these results estimated density of 0.07 tortoise per ha (95% CI = 0.03 –
0.19 tortoise per ha). However, using the LTDS-specific correction factor of 0.24 estimated a
population size of 12 individuals (95 % CI = 6 – 33 individuals) and density of 0.03 tortoise per
ha (95 % CI = 0.01 – 0.08 tortoise per ha). Model averaged estimates of beta parameters
indicated that burrow abundance was positively correlated with an increase in percent sand
composition (0.19  0.10, 95 % CI = 0 – 0.37, negatively correlated with an increase in pine
basal area (-0.27  0.09, 95 % CI = -0.44 – -0.10), and no effects were observed for hardwood
basal area (-5.32  6.26, 95 % CI = -17.60 – 6.96) and vegetative structure (-0.28  0.32, 95 %
CI = -0.91 – 0.35; Table 4.5). None of the competing models contained variables in the detection
function of the models, and the intercept of the density function was 10.59  2.40, 95 % CI =
6.78 – 16.52 (Table 4.5).
For the LTDS data at PCGTMU, I compared 14 distance-sampling models due to
convergence errors with some models. Of these 14 distance-sampling models, I determined that
four were competing (Table 4.6). Model averaged results of burrow abundance predict 130
burrows (95 % CI 73 – 240 burrows) were contained at PCGTMU. Using the site-specific
correction factor of 0.77 for PCGTMU estimated a population size of 100 individuals (95 % CI =
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56 – 185 individuals). Because I surveyed most of the 97 ha contained within the site with LTDS
transects, these results indicated density of 1.03 tortoise per ha (95 % CI = 0.58 – 1.91 tortoise
per ha). However, using the LTDS-specific correction factor of 0.47 estimated a population size
of 61 individuals (95 % CI = 34 – 113 individuals) and density of 0.63 tortoise per ha (95 % CI =
0.35 – 1.16 tortoise per ha). Model averaged estimates of beta parameters indicated that burrow
abundance was positively correlated with an increase in vegetative structure (0.63  0.18, 95 %
CI = 0.28 – 0.98) and positively correlated with an increase in pine basal area (0.24  0.06, 95 %
CI = 0.12 – 0.35), and no effects were observed for hardwood basal area (0.17  0.25, 95 % CI =
-0.32 – 0.66), understory percent coverage of woody debris (-0.01  0.02, 95 % CI = -0.06 –
0.04), understory percent coverage of woody vegetation (0.03  0.02, 95 % CI = -0.01 – 0.07),
and understory percent coverage of herbaceous vegetation (0.01  0.01, 95 % CI = -0.01 – 0.04;
Error! Reference source not found.). Model averaged estimates of detection parameters
indicated that burrow detection was negatively correlated negatively correlated with an increase
in pine basal area (-0.33  0.13, 95 % CI = -0.59 – -0.06) and no effects were observed for
vegetative structure (-0.24  0.14, 95 % CI = -0.52 – 0.04) and hardwood basal area (-0.18 
0.21, 95 % CI = -0.59 – 0.23; Figure 4.7).
Tortoise Captures
During my study, I captured 88 individuals (34 BC and 54 PCGTMU) with 131 total
captures (58 BC and 73 PCGTMU). The 34 individual tortoises I captured at BC consisted of 21
males and 13 females for a ratio of 62 % males and 38 % females. At BC, I recaptured 14
individuals at least once between years and/or within the same year for a total of 24 recaptures.
The 54 individual tortoises I captured at PCGTMU consisted of 24 males, 15 females, 6
136

subadults, and 9 juveniles for a ratio of 44 % males, 28 % females, 11 % subadults, and 17 %
juveniles. At PCGTMU, I recaptured 12 individuals at least once between years and/or within the
same year for a total of 18 recaptures.
Tortoise Density from Spatially Explicit Capture Recapture Models
For the SECR models at BC, I determined that three models were competing (Table 4.8);
however, the null model with constant effects was the top model. Therefore, I only reported the
results of the null model due to it being the most parsimonious. The null model indicated tortoise
density of 0.13  0.03 tortoise per ha, (95 % CI = 0.08 – 0.20), capture probability of 0.20  0.05
(95 % CI = 0.12 – 0.32), and spatial extent of 208.82  37.90 (95 % CI = 146.74 – 297.18; Table
4.9). One competing model for BC indicated that tortoise density was positively correlated with
an increase in percent sand composition. Therefore, I used this model to create a density surface
to predict tortoise density across the site (Figure 4.6).
For the SECR analysis at PCGTMU, I determined that two models were competing
(Error! Reference source not found.); however, the null model with constant effects was the
top model. Therefore, I only reported the results of the null model due to it being the most
parsimonious. The null model indicated tortoise density of 4.07  1.30 tortoise per ha (95 % CI =
2.21 – 7.49), capture probability of 0.07  0.02 (95 % CI = 0.04 – 0.11), and spatial extent of
52.72  10.04 (95 % CI = 36.41 – 76.32).
Discussion
I was unable to directly model tortoise population sizes from LTDS data due to the low
population densities at both sites. Therefore, estimates of tortoise population sizes relied on
correction factors, and predicted population size varies largely based on which correction factor
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was used. The LTDS-specific correction factors underestimated the population size at both sites.
However, population estimates based on a site-specific correction factor appear to more closely
resemble population estimates from Jolly-Seber mark-recapture models (45 individuals, 95%
credible intervals = 35 – 66 individuals at BC; 91 individuals, 95% credible intervals = 61 – 149
individuals at PCGTMU; see Chapter 2). Correction factors have been shown to be biased and
other methods of estimating tortoise presence from burrow surveys alone have been suggested
(McCoy and Mushinsky 1992, Carthy et al. 2005, Smith et al. 2009a, Stober et al. 2017). When
correction factors must be used to estimate tortoise density, researchers should consider multiple
surveys on the site to provide a more precise correction factor that does not rely on a single
survey. For instance, preliminary surveys followed by LTDS burrow surveys may be necessary
not just to calculate the placement and length of LTDS transects as suggested by Smith et al.
2009b, but also, to assist in determining correction factors for low-density sites where tortoise
presence cannot be directly modeled.
Line transect distance sampling survey methodology has become one of the standard
methods for estimating tortoise population size due to relatively low survey cost and the added
benefit of providing estimates of detectability, precision, and confidence intervals through
distance sampling analysis (Nomani et al. 2008, Smith et al. 2009a, Stober and Smith 2010).
However, multiple studies have concluded that LTDS methodology may be inadequate for small
populations or in areas of dense vegetation. During LTDS burrow surveys of 20 sites in Georgia,
Smith et al. (2009a) were unable to estimate population sizes for 7 sites because the number of
LTDS transects needed to provide enough detections were not feasible. They estimated that at
least 39 % of tortoise habitat at these sites would need to be surveyed to provide reasonably
precise tortoise estimates (Smith et al. 2009a). Similarly, Stober and Smith (2010) concluded that
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repeated surveys or double observer methods where every transect is surveyed by two
independent observers may be needed to provide sample size large enough to provide population
estimates for small tortoise populations. Line transect distance sampling methodology has also
been shown to predict less burrows than total counts in areas with dense vegetation with
estimates as low as 0.3 burrows per ha less than total counts (Nomani et al. 2008) and as high as
3 burrows per ha less than total counts (Meyer et al. 2008). Both of these studies did conclude
that LTDS methodology provided similar estimates as total counts in areas with sparse
vegetation.
For tortoise populations with very low population densities, LTDS methodology may be
inadequate; therefore, population estimates based on other methodology such as mark-recapture
surveys may be necessary. Mark-recapture surveys might not always be feasible due to an
increase in survey cost, added difficultly obtaining proper permits, or time restrictions due to
tortoise inactivity during winter. However, mark-recapture methodology does not rely on
potentially biased correction factors when the direct modeling of tortoise abundance is not
possible (McCoy and Mushinsky 1992, Carthy et al. 2005, Nomani et al. 2008, Smith et al.
2009a, Styrsky et al. 2010). Mark-recapture methodology also provides information on
population demographics and health status that cannot be determined by burrow surveys alone.
One spatially explicit method for calculating population densities using mark-recapture
methodology is the SECR model. For BC, SECR models preformed similarly to distance
sampling. However, SECR models predicted greater tortoise density for PCGTMU than distance
sampling and Jolly-Seber models. The greater tortoise density predicted by the SECR models at
PCGTMU could be due to clustering of capture locations and constant variables in the density
function, resulting in density estimation reflecting locations with the highest tortoise density
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where most captures occurred. Therefore, longer-term capture study or better data to quantify the
biotic and abiotic components of tortoise habitat may be needed to provide accurate density
estimation. Although SECR models may still provide biased population density estimates, they
do not rely on correction factors and, with additional surveys and habitat data, have the potential
to provide precise estimates of tortoise population density and habitat selection.
As predicted, distance-sampling analysis for BC indicated tortoise burrow abundance was
positively correlated with a decrease in pine basal area and increase in percent sand composition
(Table 3.5). Similarly, SECR models for BC predicted higher tortoise density in stands that
contained a higher concentration of percent sand composition (Figure 4.6). However, distancesampling analysis at PCGTMU indicated tortoise burrow abundance was positively correlated
with an increase in pine basal area and an increase in vertical vegetation structure. Previous
studies have shown that tortoise select habitat with low basal area, low overstory cover, and deep
sandy soils (Jones and Dorr 2004, Baskaran et al. 2006, Wigley et al. 2012, Kowal et al. 2014).
While the results for PCGTMU are unexpected, most burrows on the site were concentrated
within two forest stands that contained both highly suitable soil conditions and high basal area
(Figure 2.2, Figure 4.2). Pine basal area in those stands have a mean basal area of 8 m2/ha with a
range of 2 to 10 m2/ha which is within the range of 7 m2/ha to 19 m2/ha considered to provide
open canopy conditions needed for tortoise (USFWS 2017b, Greene et al. 2019). Therefore,
although tortoises were clustered in stands with higher basal area at this site, these stands were
not at state of canopy closure that would be undesirable for tortoises.
Although NDVI has been used to predict tortoise presence for other studies and was
similarly autocorrelated with vegetation variables, distance-sampling models containing NDVI
variables were not found to be competing with the top models that contained vegetation variables
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measured on the site. This result indicates that NDVI alone may be inadequate to classify
vegetative structure to predict tortoise presence. The previous two studies that incorporated
NDVI into tortoise resource selection models covered larger spatial areas (Kowal et al. 2014
covered Fort Benning [73,800 ha]; Hepinstall-Cymerman et al. 2017 covered the entire tortoise
range in Georgia). Therefore, NDVI may be viable at larger spatial scales but did not predict
vegetative structure for the smaller spatial scales used in this study. Studies of gopher tortoise
and dessert tortoise (G. agassizii) have used light detection and ranging (LiDAR) data alone or a
combination of LiDAR and NDVI data to quantify vegetative composition (Catano et al. 2014,
Young et al. 2017). While LiDAR data were not available for this study, the inclusion of this
type of data may provide further insight into habitat selection at these field sites and other
locations where smaller spatial scales are required to provide precise estimation of tortoise
habitat suitability.
Tortoises at the BC field site are largely clustered along ROW and roadsides where basal
area is low to nonexistent, and only a few tortoise burrows were located further than 70 m from
an opening or linear feature (road, ROW, etc.) within forest stands. Similarly, during tortoise
burrow surveys of private, working pine forest in Alabama and Mississippi, Wigley et al. (2012)
observed that burrows within 15 m of an opening or linear feature were more likely to be active
than burrows further within forest stands. Burrow surveys in 2008 and 2014 observed similar
burrow distributions at the site (Closito 2008, Landry 2015; Figure 4.7). Ben’s Creek was
managed by the Louisiana Department of Wildlife and Freshwater Fisheries from 1987 to 2012,
and during this time, select forest stands on the site were treated with prescribed fire (Forest
Burks and Jillian Day; Louisiana Department of Wildlife and Freshwater Fisheries; personal
communication). Prior to prescribed fire that occurred in 2019 and 2020 after this study had
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concluded, the last known prescribed fire occurred in 2009. Therefore, the site may not have
been burned in the last 10 years although other management was still occurring to control woody
vegetation and promote open canopy conditions, including herbicide treatments in 2014 and
general forest harvest operations.
At PCGTMU, tortoise were primarily clustered in forest stands with high quality soils.
While Sloan (2015) did not survey the same area as this study, she did make similar observations
of tortoise clustered in highly suitable soils (Error! Reference source not found.). The main
difference between our observations was Sloan detected burrows more evenly distributed across
forest stands; whereas, I detected more burrow clusters within forest stands. This result could be
due to a difference in survey methodology. Sloan (2015) conducted a site-wide total count
burrow surveys. However, the increased burrow clustering I observed could be due to an absence
of prescribed fire at the site in recent years resulting in the clustering of burrows along sandhill
ridges that generally contained lower basal area and less vertical vegetation structure than
elsewhere within these stands. Perry County GTMU is managed with prescribed fire on a 2- to 7year return interval, and prescribed fire had not been used at the site in the last 5 years prior to
my study, although a prescribed fire occurred in 2019 after this study concluded (Richard Stich;
Weyerhaeuser Company; personal communication).
The lack of observed changes of tortoise distributions at these sites is unknown.
However, tortoise may have settled into high quality areas with open understories and high
quality soils, or they are remaining in lower quality areas due to factors such as closed canopy
conditions (McCoy et al. 2013). One potential cause for the observed distributions of tortoise at
both sites is the absence of prescribed fire in recent years. The absence of prescribed fire can
affect tortoise distributions. After 8 years of fire suppression, Diemer-Berish and Leone (2014)
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observed tortoise distributions change evenly distributed throughout forest stands to concentrated
around roads. Similarly, McCoy et al. (2013) observed that tortoise would avoid unburned areas
by using fire lanes around forest stand boundaries to maneuver around unburned closed canopy
conditions if displaced away from their burrow. Yager et al. (2007) initially observed tortoise
clustered along roadsides and ruderal areas until fire was reintroduced into the surrounding forest
stands. Prescribed fire has also been shown to maintain higher quality forage for tortoise and
more diverse vegetative community than mechanical or herbicide treatment (Moule 2013,
USFWS 2017b). With the use of prescribed fire at both sites, tortoise response should be
monitored to determine if tortoise within private, working pine forest readily increase use of
forest stands after the reintroduction of prescribed fire.
At PCGTMU, one forest stand with highly suitable soil had a first merchantable thin in
2016. This stand contained a large cluster of tortoise burrows, which indicates their ability to use
the open canopy conditions created during timber harvest. However, this stand was not surveyed
during a burrow, nesting, and mark-recapture study conducted by Sloan (2015), and I did not
capture any previously marked individuals within this stand. These individuals may have been
missed during the capture session by Sloan (2015) or moved in from the surrounding area after
the thin. It is also possible that tortoise remained clustered within pockets of potentially open
canopy conditions along sandhill ridges and expanded throughout the stand after the thin.
Simulations of private, working forest landscapes by Greene et al. (2019) indicate that
pine stands have the ability to maintain open canopy conditions needed for tortoise with
“excellent” conditions maintained for up to 4 years if they are planted at a rate of less than 1310
trees per ha. Excellent open pine conditions can then be maintained if mid-rotational
management (thinning, prescribed fire, selective herbicide, etc.) are used. According to Greene et
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al. (2019), thinning is one of the most important management tools needed to achieve and
maintain components of open pine, and by creating a mosaic of regions with open pine
conditions, tortoise may be able to move and reestablish in adjoining stands once stands lose
open pine conditions.
Although creating a mosaic of open pine conditions may provide high quality conditions
for tortoise, Greene et al. (2019) did not consider the availability of suitable soils which is a
major component of tortoise habitat quality (Baskaran et al. 2006, Kowal et al. 2014, HepinstallCymerman et al. 2017). For instance, at PCGTMU, two stands contained highly suitable soils but
the rest of the site had marginally to less suitable soils (Figure 2.2). In this case, instead of
moving into adjoining forest stands once open pine conditions are reduced, tortoise may be
pushed toward ruderal areas that still maintain both open conditions and highly suitable soils. For
individuals recaptured from the 2014 study at the PCGTMU field site, 12 of 13 have dispersed
less than 200 m from their previous capture locations although forest conditions have changed at
the site (see Chapter 3). Similarly, Diemer Berish et al. (2012) observed 88% of recaptured
tortoise had displaced less than 200 m in 20 + years, and Wright (2016) observed 75% of
recaptured tortoise had displaced less than 200 m in 10 + years. Although tortoises have the
ability and have been observed making long distance movements of a kilometer or more at these
field sites (see Chapter 3), they may be unwilling to move very far from their established home
ranges, or due to their long-life span, they have already settled in the area deemed most suitable
to them. More information is needed to determine the long-term tortoise response to private,
working forest management and the ability of a shifting mosaic of open pine to maintain suitable
conditions.
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Management Implications
For low-density tortoise populations, LTDS burrow survey methods may be inadequate to
estimate tortoise population sizes. Accurate estimation of tortoise population size is vital to the
conservation and management of tortoise populations, especially in the threatened portion of
their range. Therefore, alternate methods to LTDS such as mark-recapture models should be
considered to model tortoise abundance.
To maintain habitat conditions for tortoise, managers need to consider maintaining open
pine conditions in forest stands with suitable tortoise soils. Maintaining a mosaic of open pine
conditions may provide high quality vegetative conditions if underlying soil conditions within
this mosaic are also suitable. Along with maintaining low basal area, understory conditions
should be maintained through prescribed fire, herbicide, and thinning.

145

Tables
Table 4.1

Variables measured for use in distance sampling and spatially explicit capturerecapture analysis

Type

Variable

Abbreviation

Description

Vegetation

Overstory Cover
Type

Over Type

Overstory
Percent Cover

% Over

Midstory Cover
Type

Mid Type

Midstory
Percent Cover

% Mid

Percent
Understory
Composition
(Bare Ground)
Percent
Understory
Composition
(Woody Debris)

% Bare

Primary cover type of trees in the
overstory (> 10 m) determined at
the center of vegetation plots.
Percent cover of trees in the
overstory (> 10 m). Measured with
spherical densiometer scores in the
center of vegetation plots.
Primary cover type of trees in the
midstory (< 10 m) determined at
the center of vegetation plots.
Percent cover of trees in the
midstory (< 10 m). Measured with
spherical densiometer scores in the
center of vegetation plots.
Percent area of bare ground in the
understory. Estimated from an
approximate 1 m diameter circle of
in the center of vegetation plots.
Percent area of woody debris
(limbs, trees, logging debris, etc.)
in the understory. Estimated from
an approximate 1 m diameter
circle of in the center of vegetation
plots.
Percent area of woody vegetation
(saplings, woody vines, etc.) in the
understory. Estimated from an
approximate 1 m diameter circle of
in the center of vegetation plots.
Percent area of herbaceous
vegetation (grass, forbs, etc.) in the
understory. Estimated from an
approximate 1 m diameter circle of
in the center of vegetation plots.
Percent coverage of vertical
vegetation from 0 - 0.5 m of the
ground measured with Nudd's
board. Average of four
measurements (north, south, east,
and west) 15 m from the center of
the vegetation point.

Percent
Understory
Composition
(Woody
Vegetation)
Percent
Understory
Composition
(Herbaceous
Vegetation)
Vertical
Vegetation
structure (0.5 m)

% Debris

% Woody

% Herb

Nudd (0.5 m)
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Used in
Analysis
None
None

None
None

None

Distance

Distance

Distance

None

Table 4.1 (continued)
Type

Remote
Sensed

Variable

Abbreviation

Description

Vertical
Vegetation
structure (1 m)

Nudd (1 m)

Vertical
Vegetation
structure (1.5 m)

Nudd (1.5 m)

Vertical
Vegetation
structure (2 m)

Nudd (2 m)

Vertical
Vegetation
structure (> 2 m)

Nudd (> 2 m)

Basal Area
(Pine)

BA Pine

Basal Area
(Hardwood)

BA Hardwood

Basal Area
(Total)

BA Total

Percent Soil
Composition
(Sand 0 - 1 m)
Percent Soil
Composition
(Sand 0 - 3 m)

% Sand (1 m)

Percent coverage of vertical
vegetation from 0.5 - 1.0 m of the
ground measured with Nudd's
board. Average of four
measurements (north, south, east,
and west) 15 m from the center of
the vegetation point.
Percent coverage of vertical
vegetation from 1.0 - 1.5 m of the
ground measured with Nudd's
board. Average of four
measurements (north, south, east,
and west) 15 m from the center of
the vegetation point.
Percent coverage of vertical
vegetation from 1.5 - 2.0 m of the
ground measured with Nudd's
board. Average of four
measurements (north, south, east,
and west) 15 m from the center of
the vegetation point.
Percent coverage of vertical
vegetation > 2 m of the ground
measured with Nudd's board.
Average of four measurements
(north, south, east, and west) 15 m
from the center of the vegetation
point.
Basal area (m2/ha) of pine trees
within the 30 m diameter
vegetation plots.
Basal area (m2/ha) of hardwood
trees within the 30 m diameter
vegetation plots.
Basal area (m2/ha) of all trees
within the 30 m diameter
vegetation plots.
Percent composition of sand from
the surface to 1 m depth of soil.
Calculated from SSURGO data.
Percent composition of sand from
the surface to 3 m depth of soil.
Calculated from SSURGO data.

% Sand (3 m)
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Used in
Analysis
Distance

None

None

None

Distance
Distance
None
Distance,
SECR
None

Table 4.1 (continued)
Type

Variable

Abbreviation

Description

Percent Soil
Composition
(Silt 0 - 1 m)
Percent Soil
Composition
(Silt 0 - 3 m)
Percent Soil
Composition
(Clay 0 - 1 m)
Percent Soil
Composition
(Clay 0 - 3 m)
Elevation

% Silt (1 m)

% Sand (1 m)

Aspect

Aspect

Slope

Slope

Normalized
Difference
Vegetation
Index (Winter
Maximum)

NDVI Winter

Normalized
Difference
Vegetation
Index (Summer
Maximum)
Normalized
Difference
Vegetation
Index
(Deciduous
Index)

NDVI
Summer

Percent composition of silt from
the surface to 1 m depth of soil.
Calculated from SSURGO data.
Percent composition of silt from
the surface to 3 m depth of soil.
Calculated from SSURGO data.
Percent composition of clay from
the surface to 1 m depth of soil.
Calculated from SSURGO data.
Percent composition of clay from
the surface to 3 m depth of soil.
Calculated from SSURGO data.
Elevation from sea level.
Calculated from 30 m National
Elevation Dataset (NED).
Aspect (direction hill side faces).
Calculated from 30 m National
Elevation Dataset (NED).
Slope of hill sides. Calculated
from 30 m National Elevation
Dataset (NED).
Normalized Difference Vegetation
Index. Calculated from Sentinel
2A imagery by taking maximum
NDVI pixel values from a set of
images taken during winter 2017 2018.
Normalized Difference Vegetation
Index. Calculated from Sentinel
2A imagery by taking maximum
NDVI pixel values from a set of
images taken during summer 2018.
Proxy for amount of deciduous
cover indicated by the difference
between NDVI Summer and
NDVI Winter.

% Silt (3 m)

% Sand (3 m)
Elevation

NDVI
Deciduous

Used in
Analysis
None
None
None
None
Distance,
SECR
Distance,
SECR
Distance
Distance,
SECR

None

SECR

Variables measured for use in distance sampling and spatially explicit capture-recapture (SECR)
analysis. Vegetation variables were measured in vegetation plots during line transect distance
sampling (LTDS) gopher tortoise (Gopherus polyphemus) burrow surveys. Remote sensed
variables were taken or calculated from publicly available databases. “Distance” indicates
variable was used in distance sampling analysis, “SECR” indicates variable was used in SECR
analysis, and “None” indicates the variable was measured but not used in analysis due to
autocorrelation with other variables.
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Table 4.2

Activity and occupancy status of gopher tortoise burrows detected during all
surveys at both sites

Site
BC

Burrow Status
Occupied Unoccupied Unknown
Total
Active
61
12
7
80
Possibly Active
0
2
5
7
Inactive
1
28
10
39
Old / Abandoned
0
35
0
35
Total
62
77
22
161
PCGTMU
Active
87
13
38
138
Possibly Active
0
1
4
5
Inactive
0
12
33
45
Old / Abandoned
0
18
2
20
Total
87
44
77
208
Activity and occupancy status of gopher tortoise (Gopherus polyphemus) burrows detected
during all surveys at Ben's Creek (BC) in Washington Parish, Louisiana and Perry County
Gopher Tortoise Management Unit (PCGTMU) in Perry County, Mississippi. “Occupied”
indicates burrows occupied by tortoises at least onetime during surveys, “Unoccupied” indicates
a burrow not occupied by tortoise during surveys, and “Unknown” indicates a burrow with
undetermined occupancy.
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Table 4.3

Activity and occupancy status of gopher tortoise (Gopherus polyphemus) burrows
detected during line transect distance sampling surveys at both sites

Site
BC

Burrow Status
Occupied Unoccupied Unknown
Total
Active
7
11
2
20
Inactive
0
10
1
11
Old / Abandoned
0
8
0
8
Total
7
29
3
39
PCGTMU
Active
20
12
17
49
Inactive
0
11
3
14
Old / Abandoned
0
6
0
6
Total
20
29
20
69
Activity and occupancy status of gopher tortoise (Gopherus polyphemus) burrows detected
during line transect distance sampling surveys at Ben's Creek (BC) in Washington Parish,
Louisiana and Perry County Gopher Tortoise Management Unit (PCGTMU) in Perry County,
Mississippi. “Occupied” indicates a burrow that was occupied by tortoise during surveys,
“Unoccupied” indicates a burrow not occupied by a tortoise during surveys, and “Unknown”
indicates a burrow with undetermined occupancy.
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Table 4.4

Model comparison of distance sampling models for gopher tortoise line transect distance sampling burrow surveys at
Ben’s Creek

Model
Detection ~ 1, Occupancy ~ BA Pine + BA Hardwood + % Sand (1 m)*
Detection ~ 1, Occupancy ~ Nudd(1m) + BA Pine + BA Hardwood + %
Sand (1 m)*
Detection ~ 1, Occupancy ~ Nudd (1 m) + BA Pine + BA Hardwood*
Detection ~ 1, Occupancy ~ BA Pine + BA Hardwood*
Detection ~ Nudd (1 m) + BA Pine + BA Hardwood, Occupancy ~ BA
Pine + BA Hardwood + % Sand (1 m)
Detection ~ Nudd(1m) + BA Pine + BA Hardwood, Occupancy ~ Nudd (1
m) + BA Pine + BA Hardwood + % Sand (1 m)
Detection ~ 1, Occupancy ~ % Debris + % Woody + % Herb + Nudd (1 m)
+ BA Pine + BA Hardwood + % Sand (1 m)
Detection ~ 1, Occupancy ~ % Debris + % Woody + % Herb + Nudd (1 m)
+ BA Pine + BA Hardwood
Detection ~ 1, Occupancy ~ % Sand (1 m) + NDVI Winter
Detection ~ 1, Occupancy ~ NDVI Winter
Detection ~ Nudd (1 m) + BA Pine + BA Hardwood, Occupancy ~ 1
Detection ~ 1, Occupancy ~ % Sand (1 m)
Detection ~ Nudd(1m), Occupancy ~ 1
Detection ~ 1, Occupancy ~ 1

Number
Parameters
5

AIC
132.79

𝚫AIC
0.00

AIC
Weight
0.51

Cumulative
Weight
0.51

R2
0.71

6
5
4

134.53
135.93
136.65

1.73
3.13
3.85

0.21
0.11
0.07

0.72
0.83
0.90

0.71
0.69
0.67

8

137.60

4.80

0.05

0.95

0.72

9

138.88

6.09

0.02

0.97

0.72

9

139.85

7.05

0.02

0.99

0.72

8
4
3
5
3
3
2

140.35
148.37
160.17
161.67
178.98
182.67
187.55

7.56
15.57
27.38
28.88
46.18
49.87
54.75

0.01
0.00
0.00
0.00
0.00
0.00
0.00

1.00
1.00
1.00
1.00
1.00
1.00
1.00

0.70
0.58
0.44
0.47
0.19
0.13
0.00

Model comparison of distance sampling models based on line transect distance sampling (LTDS) surveys for gopher tortoise
(Gopherus polyphemus) burrows at Ben's Creek in Washington Parish, Louisiana. Detection is the detection function of the model.
Occupancy is the occupancy function of the model. Functions with a value of one (~ 1) are constant variables. Description of variables
used in models can be found in Table 4.1. *indicates models that I considered to be competing based on 𝚫AIC, AIC weight, and
parsimony.
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Table 4.5

Model averaged beta parameters for competing distance sampling models at Ben’s
Creek

Lower 95% Upper 95%
Standard Confidence Confidence
Function
Variables
Beta
Error
Interval
Interval
-0.28
0.32
-0.91
0.35
Occupancy
Nudd (1 m)
-0.27
0.09
-0.44
-0.10
BA Pine
-5.32
6.26
-17.60
6.96
BA Hardwood
0.19
0.10
0.00
0.37
% Sand (1 m)
10.59
2.40
6.78
16.52
Detection
Sigma (Intercept)
Model averaged beta parameters for four models considered to be competing from the distance
sampling analysis of line transect distance sampling (LTDS) surveys for gopher tortoise
(Gopherus polyphemus) burrows at Ben's Creek in Washington Parish, Louisiana. Description of
variables used in models can be found in Table 4.1. Models used for averaging did not contain
variables within the density function. Therefore, the intercept of the detection function is
presented.
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Table 4.6

Model comparison of distance sampling models for gopher tortoise line transect distance sampling burrow surveys at
Perry County Gopher Tortoise Management Unit

Model
Detection ~ Nudd (1 m) + BA Pine + BA Hardwood, Occupancy ~
Nudd (1 m) + BA Pine + BA Hardwood*
Detection ~ 1, Occupancy ~ Nudd (1 m) + BA Pine + BA Hardwood*
Detection ~ Nudd (1 m) + BA Pine + BA Hardwood, Occupancy ~ %
Debris + % Woody + % Herb + Nudd (1 m) + BA Pine + BA
Hardwood*
Detection ~ 1, Occupancy ~ % Debris + % Woody + % Herb + Nudd
(1 m) + BA Pine + BA Hardwood*
Detection ~ 1, Occupancy ~ BA Pine + BA Hardwood
Detection ~ Nudd (1 m) + BA Pine + BA Hardwood, Occupancy ~ 1
Detection ~ % Debris + % Woody + % Herb + Nudd (1 m) + BA Pine
+ BA Hardwood, Occupancy ~ 1
Detection ~ 1, Occupancy ~ NDVI Winter
Detection ~ Nudd (1 m), Occupancy ~ 1
Detection ~ 1, Occupancy ~ 1
Detection ~ 1, Occupancy ~ Elevation + Aspect + Slope
Detection ~ 1, Occupancy ~ Elevation + Aspect + Slope + NDVI
Winter
Detection ~ 1, Occupancy ~ % Debris + % Woody + % Herb + Nudd
(1 m) + BA Pine + BA Hardwood + Elevation + Aspect + Slope
Detection ~ % Debris + % Woody + % Herb + Nudd (1 m) + BA Pine
+ BA Hardwood, Occupancy ~ % Debris + % Woody + % Herb +
Nudd (1 m) + BA Pine + BA Hardwood + Elevation + Aspect + Slope

Number
Parameters

AIC

𝚫AIC

AIC
Weight

Cumulative
Weight

R2

8
5

196.76
197.31

0.00
0.55

0.44
0.34

0.44
0.78

0.91
0.88

11

199.45

2.69

0.11

0.89

0.92

8
4
5

199.56
208.16
215.61

2.80
11.41
18.86

0.11
0.00
0.00

1.00
1.00
1.00

0.90
0.78
0.72

8
3
3
2
5

224.37
230.05
234.83
237.40
323.04

27.61
33.29
38.07
40.64
126.28

0.00
0.00
0.00
0.00
0.00

1.00
1.00
1.00
1.00
1.00

0.68
0.35
0.19
0.00
-36.34

6

325.04

128.28

0.00

1.00

-36.34

11

335.04

138.28

0.00

1.00

-36.34

17

347.04

150.28

0.00

1.00

-36.34

Model comparison of distance sampling models based on line transect distance sampling (LTDS) surveys for gopher tortoise
(Gopherus polyphemus) burrows at Perry County Gopher Tortoise Management Unit in Perry County, Mississippi. Detection is the
detection function of the model. Occupancy is the occupancy function of the model. Functions with a value of one (~ 1) are constant
variables. Description of variables used in models can be found in Table 4.1. *indicates models that I considered to be competing
based on 𝚫AIC, AIC weight, and parsimony.
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Table 4.7

Model averaged beta parameters of competing distance sampling models at Perry
County Gopher Tortoise Management Unit

Lower 95%
Upper 95%
Standard Confidence
Confidence
Function
Variable
Beta
Error
Interval
Interval
Occupancy
% Debris
-0.01
0.02
-0.06
0.04
% Woody
0.03
0.02
-0.01
0.07
% Herb
0.01
0.01
-0.01
0.04
Nudd (1 m)
0.63
0.18
0.28
0.98
BA Pine
0.24
0.06
0.12
0.35
BA Hardwood
0.17
0.25
-0.32
0.66
Detection
Nudd (1 m)
-0.24
0.14
-0.52
0.04
BA Pine
-0.33
0.13
-0.59
-0.06
BA Hardwood
-0.18
0.21
-0.59
0.23
Model averaged beta parameters of four models considered to be competing from the distance
sampling analysis of line transect distance sampling (LTDS) surveys for gopher tortoise
(Gopherus polyphemus) burrows at Perry County Gopher Tortoise Management Unit in Perry
County, Mississippi. Description of variables used in models can be found in Table 4.1.
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Table 4.8

Model comparison of spatially explicit capture-recapture models of gopher tortoise captured at Ben's Creek

Model
D ~ 1, g0 ~ 1, sigma ~ 1, pmix ~ Group*
D ~ % Sand (1 m), g0 ~ 1, sigma ~ 1, pmix ~ Group*
D ~ 1, g0 ~ Group, sigma ~ 1, pmix ~ Group*
D ~ % Sand (1 m), g0 ~ Group, sigma ~ 1, pmix ~ Group
D ~ NDVI Winter + NDVI Deciduous, g0 ~ 1, sigma ~ 1, pmix ~ Group
D ~ % Sand (1 m) + Elevation + Aspect, g0 ~ 1, sigma ~ 1, pmix ~
Group
D ~ % Sand (1 m) + NDVI Winter + NDVI Deciduous, g0 ~ 1, sigma ~
1, pmix ~ Group
D ~ NDVI Winter + NDVI Deciduous, g0 ~ Group, sigma ~ 1, pmix ~
Group
D ~ % Sand (1 m) + Elevation + Aspect + NDVI Winter + NDVI
Deciduous, g0 ~ 1, sigma ~ 1, pmix ~ Group
D ~ % Sand (1 m) + Elevation + Aspect + NDVI Winter + NDVI
Deciduous, g0 ~ Group, sigma ~ 1, pmix ~ Group
D ~ 1, g0 ~ Time, sigma ~ 1, pmix ~ Group
D ~ % Sand (1 m), g0 ~ Time, sigma ~ 1, pmix ~ Group
D ~ 1, g0 ~ Group + Time, sigma ~ 1, pmix ~ Group
D ~ % Sand (1 m), g0 ~ Group + Time, sigma ~ 1, pmix ~ Group
D ~ NDVI Winter + NDVI Deciduous, g0 ~ Time, sigma ~ 1, pmix ~
Group
D ~ NDVI Winter + NDVI Deciduous, g0 ~ Group + Time, sigma ~ 1,
pmix ~ Group
D ~ % Sand (1 m) + Elevation + Aspect + NDVI Winter + NDVI
Deciduous, g0 ~ Time, sigma ~ 1, pmix ~ Group
D ~ % Sand (1 m) + Elevation + Aspect + NDVI Winter + NDVI
Deciduous, g0 ~ Group + Time, sigma ~ 1, pmix ~ Group

Number
Parameters
4
5
5
6
6

Log
Likelihood
-135.54
-134.75
-135.35
-134.53
-134.95

AIC
279.08
279.49
280.69
281.06
281.91

AICc
280.46
281.63
282.84
284.17
285.02

𝚫AICc
0.00
1.17
2.37
3.71
4.56

AICc
Weight
0.45
0.25
0.14
0.07
0.05

7

-134.22

282.44

286.75

6.29

0.02

7

-134.59

283.17

287.48

7.02

0.01

7

-134.78

283.56

287.87

7.41

0.01

9

-133.70

285.39

292.89

12.43

0.00

10
5
6
6
7

-134.09
-166.20
-165.40
-166.11
-165.30

288.18
342.41
342.80
344.23
344.60

297.74
344.55
345.91
347.34
348.91

17.28
64.09
65.45
66.88
68.45

0.00
0.00
0.00
0.00
0.00

7

-165.60

345.20

349.51

69.04

0.00

8

-165.52

347.04

352.80

72.34

0.00

10

-166.22

352.45

362.02

81.55

0.00

11

-164.57

351.14

363.14

82.67

0.00

Model comparison for the spatially explicit capture-recapture analysis of gopher tortoise (Gopherus polyphemus) captured at Ben's
Creek in Washington Parish, Louisiana. In these models, D is the density function of the model, g0 is the capture probability
component of the model, sigma is the spatial extent of the model, and pmix is the finite mixture function. Functions with a value of
one (~ 1) are constant. Description of variables used in models can be found in Table 4.1. *indicates models that I considered to be
competing based on 𝚫AICc, AICc weight, and parsimony.
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Table 4.9

Model results for spatially explicit capture-recapture model, D ~ 1, g0 ~ 1, sigma ~
1, pmix ~ Group, for gopher tortoise captured at Ben's Creek

Lower 95% Upper 95%
Standard
Confidence
Confidence
Parameters
Beta
Error
Interval
Interval
D
-2.05
0.22
-2.49
-1.61
g0
-1.39
0.33
-2.03
-0.75
sigma
5.34
0.18
4.99
5.69
pmix
0.48
0.35
-0.21
1.17
Model results for spatially explicit capture-recapture model, D ~ 1, g0 ~ 1, sigma ~ 1, pmix ~
Group, for gopher tortoise (Gopherus polyphemus) captured at Ben's Creek in Washington
Parish, Louisiana. In this model, D is the density function of the model, g0 is the capture
probability component of the model, sigma is the spatial extent of the model, and pmix is the
finite mixture function.
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Table 4.10

Model comparison of spatially explicit capture-recapture analysis of gopher tortoise captured at Perry County Gopher
Tortoise Management Unit

Model
D ~ 1, g0 ~ 1, sigma ~ 1, pmix ~ Group*
D ~ 1, g0 ~ Group, sigma ~ 1, pmix ~ Group*
D ~ NDVI Winter + NDVI Deciduous, g0 ~ 1, sigma ~ 1, pmix ~ Group
D ~ Elevation + Aspect, g0 ~ 1, sigma ~ 1, pmix ~ group
D ~ NDVI Winter + NDVI Deciduous, g0 ~ Group, sigma ~ 1, pmix ~
Group
D ~ Elevation + Aspect, g0 ~ Group, sigma ~ 1, pmix ~ Group
D ~ Elevation + Aspect + NDVI Winter + NDVI Deciduous, g0 ~ 1,
sigma ~ 1, pmix ~ Group
D ~ Elevation + Aspect + NDVI Winter + NDVI Deciduous, g0 ~
Group, sigma ~ 1, pmix ~ Group
D ~ 1, g0 ~ Time, sigma ~ 1, pmix ~ Group
D ~ 1, g0 ~ Group + Time, sigma ~ 1, pmix ~ Group
D ~ NDVI Winter + NDVI Deciduous, g0 ~ Time, sigma ~ 1, pmix ~
Group
D ~ Elevation + Aspect, g0 ~ Time, sigma ~ 1, pmix ~ Group
D ~ NDVI Winter + NDVI Deciduous, g0 ~ Group + Time, sigma ~ 1,
pmix ~ Group
D ~ Elevation + Aspect, g0 ~ Group + Time, sigma ~ 1, pmix ~ Group
D ~ Elevation + Aspect + NDVI Winter + NDVI Deciduous, g0 ~ Time,
sigma ~ 1, pmix ~ Group
D ~ Elevation + Aspect + NDVI Winter + NDVI Deciduous, g0 ~ Group
+ Time, sigma ~ 1, pmix ~ Group

Number
Parameters
4
5
6
6

Log
Likelihood
-180.76
-180.76
-180.36
-180.50

AIC
369.52
371.52
372.72
373.01

AICc
370.34
372.77
374.51
374.79

𝚫AICc
0.00
2.43
4.17
4.46

AICc
Weight
0.62
0.19
0.08
0.07

7
7

-180.36
-180.50

374.72
375.01

377.15
377.44

6.82
7.11

0.02
0.02

8

-180.14

376.27

379.47

9.14

0.01

9
5
6

-179.99
-221.10
-221.10

377.97
452.21
454.21

382.06
453.46
455.99

11.73
83.12
85.66

0.00
0.00
0.00

7
7

-220.70
-220.85

455.41
455.69

457.84
458.13

87.51
87.79

0.00
0.00

8
8

-220.70
-220.91

457.41
457.81

460.61
461.01

90.27
90.68

0.00
0.00

9

-220.54

459.08

463.18

92.84

0.00

10

-220.13

460.26

465.38

95.05

0.00

Model comparison for the spatially explicit capture-recapture analysis of gopher tortoise (Gopherus polyphemus) captured at Perry
County Gopher Tortoise Management Unit in Perry County, Mississippi. In these models, D is the density function of the model, g0 is
the capture probability component of the model, sigma is the spatial extent of the model, and pmix is the finite mixture function.
Functions with a value of one (~ 1) are constant variables. Description of variables used in models can be found in Table 4.1.
*
indicates models that I considered to be competing based on 𝚫AICc, AICc weight, and parsimony.
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Table 4.11

Model results for spatially explicit capture-recapture model, D ~ 1, g0 ~ 1, sigma ~
1, pmix ~ Group, for gopher tortoise captured at Ben's Creek

Lower 95% Upper 95%
Standard Confidence
Confidence
Parameters
Beta
Error
Interval
Interval
D
1.40
0.31
0.79
2.01
g0
-2.64
0.31
-3.25
-2.04
sigma
3.96
0.19
3.59
4.33
pmix
0.47
0.33
-0.18
1.12
Model results for spatially explicit capture-recapture model, D ~ 1, g0 ~ 1, sigma ~ 1, pmix ~
Group, for gopher tortoise (Gopherus polyphemus) captured at Perry County Gopher Tortoise
Management Unit in Perry County, Mississippi. In this model, D is the density function of the
model, g0 is the capture probability component of the model, sigma is the spatial extent of the
model, and pmix is the finite mixture function.
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Figures

Figure 4.1

Activity and occupancy status of all gopher tortoise burrows detected at Ben’s
Creek

Activity and occupancy status of all gopher tortoise burrows detected at Ben’s Creek (Gopherus
polyphemus) burrow status and occupancy at Ben’s Creek in Washington Parish, Louisiana.
Burrow observations include every burrow detected on site during surveys that took place in
2017 and 2018. Red box in inset map indicates the location of the site.
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Figure 4.2

Activity and occupancy status of all gopher tortoise burrows detected at Perry
County Gopher Tortoise Management Unit

Activity and occupancy status of all gopher tortoise (Gopherus polyphemus) burrows detected at
Perry County Gopher Tortoise Management Unit in Perry County, Mississippi. Burrow
observations include every burrow detected on site during surveys that took place in 2017 and
2018. Red box in inset map indicates the location of the site.
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Figure 4.3

Activity and occupancy status of gopher tortoise burrows detected during line
transect distance sampling surveys at Ben’s Creek

Activity and occupancy status of gopher tortoise (Gopherus polyphemus) burrows detected
during line transect distance sampling surveys at Ben’s Creek in Washington Parish, Louisiana in
2018. Red box in inset map indicates the location of the site.
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Figure 4.4

Activity and occupancy status of gopher tortoise burrows detected during line
transect distance sampling surveys at Perry County Gopher Tortoise Management
Unit

Activity and occupancy status of gopher tortoise (Gopherus polyphemus) burrows detected
during line transect distance sampling surveys at Perry County Gopher Tortoise Management
Unit in Perry County, Mississippi in 2018. Red box in inset map indicates the location of the site.
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Figure 4.5

Vegetation sample plots along line transect distance sampling transects

Vegetation sample plots along line transect distance sampling transects (LTDS) used for gopher
tortoise (Gopherus polyphemus) burrow surveys. LTDS transect is indicated by bold line and
vegetation sampling plots are indicated by the circular target shapes. Vegetation sampling plots
were 30 m in diameter and placed every 50 m in alternating directions (east or west) along
transects.
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Figure 4.6

Predicted gopher tortoise (Gopherus polyphemus) density (tortoise per hectare)
from spatially explicit capture recapture model, D ~ % Sand (1 m), g0 ~ 1, sigma ~
1, pmix ~ Group, at Ben’s Creek

Predicted gopher tortoise (Gopherus polyphemus) density (tortoise per hectare) from the spatially
explicit capture recapture (SECR) model, D ~ % Sand (1 m), g0 ~ 1, sigma ~ 1, pmix ~ Group, at
Ben’s Creek (BC) in Washington Parish, Louisiana. Predicted tortoise density for this model is
based solely on the abiotic variable percent sand composition within the first meter of soil and
may not reflect actual density due to a lack of quantification of the vegetative components of
tortoise habitat suitability on the site. Red box in inset map indicates the location of the site.
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Figure 4.7

Comparison of gopher tortoise burrow distributions at Ben’s Creek in 2008 verses
this study

Gopher tortoise (Gopherus polyphemus) burrow distributions at Ben’s Creek in Washington
Parish, Louisiana. Burrow surveys in 2008 were conducted by Closito (2008) and used different
sampling methodology; however, they show a similar distribution of burrows across the site as
detected during surveys conducted during this project. Red box in inset map indicates the
location of the site.
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Figure 4.8

Comparison of gopher tortoise burrow distributions at Perry County Gopher
Tortoise Management Unit in 2014 verses this study

Gopher tortoise (Gopherus polyphemus) burrow distributions at Perry County Gopher Tortoise
Management Unit in Perry County, Mississippi. Burrow surveys in 2014 were conducted by
Sloan and used different sampling methodology over a smaller survey area; however, they show
a similar distribution of burrows across the site as detected during surveys conducted during this
project. Red box in inset map indicates the location of the site.
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